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Abstract 
Edible mushrooms, which are known for their phenolics and antioxidant activities, 
are easily deteriorated due to their high moisture content and enzymatic activities. 
Therefore, they are often subject to processing to extend their shelf-life, particularly 
canning and drying. The objective of this study was to investigate the influence of 
canning and oven-drying conditions on fresh mushrooms in terms of the phenolic 
content and antioxidant activity of their crude extracts. 
Firstly, a new enzymatic assay, which is highly specific to polyphenols and free from 
common interferences, was adopted and its conditions were optimized for the 
determination of mushroom phenolics in the later parts. During the optimization of 
the enzymatic assay, a 15-min incubation time was found to be sufficient for both the 
phenolic standards and mushroom extracts to complete the reactions. The responses 
of phenolic standards to the enzymatic assay probably depended on the 
nucleophilicity of their phenoxy radicals; while their responses to Folin-Ciocalteu 
(FC) assay depended on their reducing ability. The total phenolic content in 
•mushroom crude extracts determined by FC method was always higher than that 
determined by the enzymatic method, especially for the water crude extracts (p<0.05). 
The enzymatic method was not affected by common interfering compounds such as 
Vitamin C. 
Secondly, the methanol and water crude extracts of four edible mushrooms including 
Agrocybe aegerita (Aa), Volvariella volvacea (Fv), Lentinus edodes (Le) and 
Agaricus bisporus {Ah) were screened for their total phenolics and antioxidant 
activities involving the ABTS, DPPH, FRAP, P-carotene and • OH assays. The 
iii 
methanol crude extracts generally demonstrated stronger antioxidant activities than 
the aqueous one. Ab possessed the highest antioxidant activities and having the 
largest amount of phenolic compounds in its methanol crude extract. Aa showed 
excellent antioxidant activities and having abundant phenolic compounds in both of 
its crude extracts, especially for its water crude extract. The correlations {p<0.0\) 
between the antioxidant activities of the mushroom crude extracts and their total 
phenolic content were high, demonstrating that phenolic compounds had major 
contributions to the mushroom antioxidant activity. Both Aa and Ab were selected for 
the subsequent heat treatment. 
Thirdly, the effects of different canning and oven-drying conditions on mushroom 
antioxidant activity, its phenolic content and the formation of hydroxymethylfurfiiral 
(HMF) (i.e. Maillard Reaction products) were studied. Both canning and drying 
generally reduced the antioxidant activities (e.g. ABTS, FRAP, p-carotene and • OH) 
of the methanol and water crude extracts of heat-treated mushrooms (except the 
water crude extract of oven-dried mushrooms), attributing to the thermal degradation 
of phenolic compounds during processing. Blanching always significantly (p<0.05) 
reduced the phenolic and HMF content as well as the antioxidant activities of the 
methanol crude extracts of heat-treated mushrooms, while the reverse was found in 
oven-dried Ab. An increase in sterilization time as well as drying time and 
temperature enhanced the antioxidant activity of mushroom crude extracts with some 
exceptions. Under a higher drying temperature, the phenolic content and antioxidant 
activity in the methanol crude extracts of oven-dried Aa and Ab were best preserved 
by a shorter and longer drying time, respectively. The addition of vitamin C 
significantly (p<0.05) enhanced the antioxidant activities (e.g. ABTS, FRAP) of the 
methanol crude extracts and brine solutions of canned mushrooms, despite its 
iv 
ineffectiveness to provide higher retention in phenolic compounds. After 4-month 
storage, the antioxidant activities and phenolic content of all mushroom crude 
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Chapter 1: Introduction 
1.1 Reactive oxygen species (ROS) 
1.1.1 Definition 
Reactive oxygen species (ROS) are known as reactive oxygen intermediates which 
are formed by the incomplete one-electron reduction of oxygen. ROS includes free 
radicals and other reactive oxygen intermediates. A free radical is defined as any 
atom or molecule capable of independent existence and containing of one or more 
unpaired electrons. Having an unpaired electron, free radicals are generally unstable 
and highly reactive because they require another electron to fill the orbital and 
become stable (Yoshikawa et al.，1997). Hydroxyl radical (HO), superoxide anion 
“ — 一 一 一 - 一 一 — - - - - — — • — — — - - - ― - - - - • 一 “ 
radical (O2、)，and peroxyl radicals (HOO) are major free radicals found in human 
body system. Other reactive oxygen intermediates including singlet oxygen and 
peroxides also cause oxidative damage to our bodies. Table 1.1 lists some examples 
ofROS. 
Table 1.1 Examples of ROS 
Name of ROS Chemical formula of ROS 
Alkoxyl radical RO* 
Peroxyl radical HOO* 
Alkylhydroperoxide ROOH 
Hydrogen peroxide H2O2 
Hydroxyl radical HO* 
Nitric oxide radical N O 
Superoxide radical O 2 � 
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ROS can attack any biochemical component of the cell, causing acute damage to 
vital biological macromolecules such as proteins, lipids and DNA. Although the free 
radicals become neutralized after the attack, another free radical is usually formed, 
leading to a chain reaction. 
1.1.2 Formation of ROS 
1.1.2.1 Homolysis 
A free radical is produced whenever a covalent single bond between two atoms is 
cleaved, leaving at least one electron in an unpaired state. Normally, homolysis 
requires a fairly substantial input of energy, or known as "bond dissociation energy", 
which must be at less equal to, and usually is significantly greater than, the bond 
energy of the bonding. A typical homolysis reaction (1.1) is the cleavage, by heat or 
UV light, of the 0 - 0 bond in peroxides such as hydrogen peroxides or lipid 
peroxides. 
HO—OH • 2H0- (1.1) 
An 0 - 0 bond is more susceptible for homolysis due to its low dissociation energy 
(about 200 kJ/mol). A relatively lower temperatures or absorbed light of relatively 
longer wavelengths is enough for its homolysis to proceed (Larson, 1997). 
“ 1.1.2.2 Reaction with pre-formed odd-electron species 
Another way of producing a free radical is for a pre-formed odd-electron species to 
react with an even-electron compound. For example, a hydroxyl radical may add to a 
carbon-carbon double bond (1.2). A new covalent bond is formed between the 
hydroxyl radical and one of the double bond electrons; at the same time, the other 
electron becomes "free". 
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HO-C-C* 
HO- + > C = C < • I ‘ (1.2) 
Similarly, an electron can also be added to a multiple bond, especially in biological 
systems. In this process the acceptor molecule becomes negatively charged. For 
example, quinones may be reduced by successive one-electron transfers (1.3). The 
intermediate radical anion, known as semiquinone in this case, is often stable. 
R 十 — 二 
V V V 
• O OH OH -
(1.3) 
1.1.2.3 Electron transfer 
Electron transfer takes place in oxido-reductive reactions and is the most common 
mechanism for the formation of free radicals, especially those of oxygen. These 
reactions take place through metal ion-induced hydrogen peroxide decomposition. 
Transition metals whose valence states differ by one unit can also act as radical 
precursors. Iron ion is the best known inducer and Fenton reaction (1.4 & 1.5) has 
been demonstrated under experimental conditions to show the in vivo formation of 
lipid peroxides. 
�� 
Fe(II) +H2O • Fe(III) + HO- + OH" (1.4) 
Fe(III) +02'" • Fe(II) +O2 (1.5) 
1.1.2.4 Metabolism and cellular functions 
ROS production is inevitably found in humans. Oxidative phosphorylation in 
mitochondria (Cadensas, 1989), immune response of neutrophils (Lunec et al.，2002)， 
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detoxification in liver (Scheibmeir et al., 2005) and cellular signal transduction 
(Berger, 2005) are proven to produce a variety of ROS. Further details will be 
discussed in 1.1.1.3. 
1.1.3 Sources of ROS in human 
ROS can be produced by endogenous and by exogenous. Potential endogenous 
sources include mitochondria, cytochrome P450 metabolism, peroxisomes, cellular 
signal transduction and inflammatory cell activation. 
Mitochondrion is the primary source of ROS. Mitochondrial sources of ROS include 
the electron transport chain, TCA cycle, and monoamine oxidase (MAO) at the outer 
membrane (Sheu et al., 2006). Mitochondria are well known to generate significant 
quantities of H2O2 (Valko et al., 2006). Generation of the O 2 � b y mitochondria was 
first reported more than three decades ago (Loschen & Flohe, 1971). After the 
determination of the ratios of the mitochondrial generation of 02"* to that of H2O2, 
02'* was considered as the stoichiometric precursor for H2O2. O 2 � d o e s not readily 
cross cell membranes, but manganese superoxide dismutase (MnSOD) converts 
intramitochondrial O 2 � t o H2O2, which can gradually diffuse out of mitochondria. 
’ Besides mitochondria, cytosolic enzymes are also major contributors to the 
generation of ROS. Xanthine oxidase (XO) is the most effective producer of O 2 � 
(McCord & Fridovici，1968). XO belongs to a group of enzymes known as 
molybdenum iron-sulphur flavin hydroxylases and catalyzes the hydroxylation of 
purines. Particularly, XO catalyzes the reaction of hypoxanthine to xanthine and 
xanthine to uric acid. In both cases, molecular oxygen is reduced, forming the (V . in 
the first step and H2O2 in the second (Valko et al., 2004). Cytochrome P450 
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reductases have also been identified as a source of ROS, in which O2�and H2O2 may 
emerge following the breakdown or uncoupling in the P450 catalytic cycle (Valko et 
al.，2006). Nitric oxide synthase (NOS) catalyzes the synthesis of nitric oxide (NO), 
which may react with O 2 � t o give the oxidant, peroxynitrite (ONOO) (Sheu et al., 
2006). Cytosolic O 2 � i s converted to H2O2 by copper-zinc superoxide dismutase 
(Cu/Zn SOD). Moreover, lipoxygenase (LOX) and cyclooxygenase (COX) can also 
oxidize lipids inside cell membranes, thus initiating lipid peroxidation. 
Membrane-linked sources of ROS include NADPH oxidases (NOX) which regulate 
the O2�immigration and emigration of the cell. 
The other endogenous sources of cellular reactive oxygen species are neutrophils and 
macrophages. Upon bacterial invasion, activated macrophages initiate an increase in 
oxygen uptake that gives rise to a variety of ROS, including superoxide anion radical, 
nitric oxide and hydrogen peroxide (Conner & Grisham, 1996). 
In addition, microsomes and peroxisomes are sources of ROS. Microsomes are 
responsible for the 80% H2O2 concentration in vivo at area of high oxygen 
concentration (Gupta et al., 1997). Peroxisomal oxidation of fatty acids has been 
recognized as a potentially important source of H2O2 production after prolonged 
starvation. 
ROS can also be generated by many exogenous processes. Environmental agents 
including cigarette smoke (Rahman et al., 2006), chlorinated compounds, metal ions, 
radiation and xenobiotics can directly generate or indirectly induce ROS in cells. In 
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Figure 1.1 Cellular sources ofROS. (Sheu et al.，2006) 
1.1.4 Chemistry and Biochemistry of ROS 
1.1.4.1 Superoxide anion radical (CV.) 
Superoxide anion radical, producing either from immune response, metabolic 
processes or following oxygen "activation" by metal ions or physical irradiation, is 
generally considered to be "primary" ROS, which further interacts with other 
molecules to generate "secondary" ROS, either directly or prevalently through 
, enzyme- or metal-catalyzed processes (Fridovich, 1986). The production of this 
radical is increased as the oxygen concentration increases (Willcox et al., 2004). It is 
estimated that 1-3% of the oxygen reduced in mitochondria may form O2�（Turrens, 
1997). 02** can decrease the activity of certain enzymes including some antioxidant 
defense enzymes such as catalase，glutathione peroxidase, and several others in the 
energy metabolism scheme such as NADH dehydrogenase. 
i 
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0 2 � i s the most commonly produced ROS in humans, however it is considered to be 
the least reactive one (Kohen & Nyska, 2002). Due to the relative low reactivity and 
poor penetrating power, the oxidizing power of Oj* only limits in mitochondrion. 
However, it will trigger the formation of other potent ROS. The most important 
reaction (1.6) is the dismutation reaction of O 2 � t o H2O2 with the aids of an enzyme 
Superoxide Dismutase (SOD). 
SOD 
2 0 2 � + 2 H + • H2O2 + O2 (1.6) 
SOD enzymes accelerate this reaction in biological systems by four orders of 
magnitude. The damaging effect of H2O2 will be discussed in 1.1.1.4.2. In addition, 
at physiological pH，approximately 1% 02'* will be protonated to the more reactive 
peroxyl radical H O O (Willcox et a l , 2004). H O O is more reactive than (V•，as it 
enhances the oxidation of polyunsaturated fatty acids by removing either their 
bis-allylic hydrogen atoms or protons of lipid hydroperoxides (Aikens & Dix, 1991). 
O2�a lso reacts with nitric oxide to form another potent oxidizing agent, peroxynitrite, 
which was shown to oxidize lipids and proteins, as well as cause DNA strand 
breakage (Larson, 1997). 
The generation of Oi"* was found to correlate with the participation of redox-active 
metals, especially iron ions and sometimes copper ions (Valko et al., 2005). It has 
been proposed that endogenous iron regulation ensures that there is no free 
intracellular iron; however, under stress conditions such as those found in damaged 
cells, an excess of O2* releases free iron ions from iron-containing molecules in vivo. 
The released Fe(II) can participate in the Fenton reaction, generating the highly 
reactive hydroxyl radical (Leonard et al., 2004). 
Fe(II) +H2O2 — Fe(III) + HO-+OH" (1.7) 
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02'* also participates in the Haber-Weiss reaction (1.8) which combines a Fenton 
reaction (1.7) and the reduction of Fe(III) by superoxide (1.9)，yielding Fe(II) and 
oxygen again (Liochev & Fridovich, 2002). 
0 2 + H2O2 02 + •OH+OH— (1.8) 
Fe(III) +02.-—Fe(II) +O2 (1.9) 
1.1.4.2 Hydrogen peroxide (H2O2) 
The major sources of H2O2 in living cells potentially include all reactions where O 2 � 
is produced, since O 2 � i s transformed to H2O2 and oxygen rapidly. These reactions 
include enzymatic reaction and also one-electron autooxidation of transition metals 
mentioned in 1.1.4.1. H2O2 is not a radical as the additional electron fills the orbital, 
but it may attack enzymes (e.g. glyceraldehydes-3-phosphate) involved in the 
glycolytic pathway, oxidize certain keto-acids such as pyruvate, induce a rise in free 
cytosolic Ca(II) ions and activate a polymerase that leads to cell death (Willcox et al.， 
2004). Fortunately, the modes of these reactions are still controversial. 
H2O2 is rapidly removed by catalase, by which the enzyme breaks H2O2 down into 
water and molecular oxygen. Despite its low oxidizing power, it can cross cell 
membranes to react with iron and copper ions to form more damaging species such 
as hydroxyl radical as the reaction mentioned above (Willcox et al” 2004). 
Another group of enzymes, glutathione peroxidases, may also participate in 
removing the cytosolic H2O2. However, these enzymes contain transition metal 
cofactors and therefore presumably generate much more reactive oxidants (Larson, 
1997). 
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1.1.4.3 Hydroxyl radical (HO.) 
The hydroxyl radical is the most reactive of the free radical molecules (Droge, 2002), 
with a half-life in aqueous solution of less than Ins (Pastor et al., 2000). Therefore, 
once it is produced, it reacts close to its site of formation (Valko et al., 2006). It can 
be generated through a variety of mechanisms mentioned above. The majority of 
hydroxyl radicals are generated from metal-catalyzed breakdown of hydrogen 
peroxide according to Fenton reaction. Ionization radiation also causes homolysis of 
water molecule to hydroxyl radical and hydrogen radical, while light may cause the 
generation of hydroxyl radicals by photolytic decomposition of alkylhydroperoxides 
(ROOH). 
Hydroxyl radicals have two principal modes of reaction with organic compounds: 
hydrogen atom abstraction and addition to double bonds (Larson, 1997). There is an 
abundance of oxidizable substrates in the cell, including proteins, lipids, 
carbohydrates and DNA. Production of hydroxyl radical close to DNA could lead to 
reaction between the radicals with DNA bases or the deoxyribosyl backbone of DNA, 
resulting in damaged bases or strand breaks. Hydroxyl radicals also damage cell 
membranes and lipoproteins by initiating lipid peroxidation (Scheibmeir et al.，2005). 
�� 
Hydroxyl radicals are obviously very dangerous in vivo, nevertheless, the cellular 
availability of catalyzing metal ions casts serious questions. The upper limit of “free 
pools" of copper was found to be far less than a single atom per cell, by which in 
vivo the role of copper in Fenton-like generation of hydroxyl radical is still in doubt 
(Rae et a l , 1999). The availability of “free catalytic iron" is negligible due to its 
effective sequestration by various metal-binding proteins (Kakhlon et al., 2002) and 
plenty of cellular chelating agents such as ascorbates. 
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1.1.5 Lipid peroxidation 
Polyunsaturated fatty acids (PUFA) present in cytoplasm and phospholipid bilayer in 
membrane are extremely sensitive to oxidation, especially accelerated with metal 
catalysis. The classical route of autooxidation was proposed to (Hall III et aL,\991) 
include initiation (production of free radicals), propagation and termination 
(production of non-radical products) reactions: 
Initiation LH + O2—L. + .OOH (1.10) 
Propagation L.+ O2 + L O O (1.11) 
L O O + L，H -> LOOH + L' • (1.12) 
Termination L« + L* ^ LL (1.13) 一 
L- + L O O —LOOL (1.14) 
L O O + L O O + LOOL + O2 (1.15) 
Figure 1.2: Stages in lipid peroxidation 
The initiation of lipid peroxidation normally involves oxygen and other ROS at 
elevated temperature. The terms LH, L•，LOO and LOOH refer to unsaturated lipids, 
lipid radical, peroxyl radical and lipid hydroperoxides, respectively. The reactions are 
V said to be free radical chain reaction in which the radical formed from one molecule 
of the unsaturated lipid would continue attacking the other to generate more lipid 
radicals, with the final product being malondialdehyde (MDA). This type of chain 
reaction is believed to be the major mechanism of some degenerative diseases. 
Termination of the chain reactions can only be achieved by the reaction going to 
completion or by chain breaking antioxidants that destroy the free radical produced 




Antioxidants have been used in food for centuries, but they are usually difficult to be 
defined (Gramza & Korczak, 2005). The most widely accepted definition is that 
'antioxidant is every substance, which presents in a low concentration in comparison 
with the oxidized substance, delays or inhibits significantly oxidation of this 
substance' (Halliwell & Gutteridge, 1995). The characteristics of a good antioxidant 
include high specificity in quenching free radicals, chelating redox metal ions, 
interacting with other antioxidants within the 'antioxidant network', being readily 
absorbed, having a concentration in tissues at a physiological relevant level and 
workable in both aqueous and/or membrane lipid bilayers. — 
1.2.2 Mechanism of action 
According to the mechanism of antioxidant activity, it is possible to divide them into 
three groups. . 
As the first line of defense, the preventive antioxidants suppress the generation of 
free radicals. This group of antioxidants involves a variety of actions to possess the 
specific ability, including chelating metal ions which catalyze autoxidation (ascorbic 
acid), scavenging oxygen (ascorbic acid), partial regenerating of primarily 
antioxidants (ascorbic acid and thiol substances regenerating tocopherol) and 
decomposing peroxides and nonradical products (Maillard reaction products) 
(Gramza & Korczak，2005). This group of antioxidants is generally regarded as 
secondary antioxidant (Gordon, 1990), as there is no direct interaction between them 
and the free radicals. 
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Next, the radical-scavenging or chain breaking antioxidants scavenge radicals to 
inhibit chain initiation and prevent chain propagation (chain breaking) as a second 
line of defense. The main action depends on inactivation of peroxides or lipid 
peroxides by donation of antioxidant hydrogen, leaving a stable antioxidant radical. 
The antioxidant radical is stabilized by electron delocalization between multiple 
bonding of benzene rings or conjugated double-bonded structure. 
L.+AH —LH + A' (1.16) 
Dietary antioxidants such as phenolic compounds and tocopherols belong to this 
category. 
The third line of defense involves repairing the oxidative damage and reconstituting 
membranes. This action is mainly achieved by repair and de novo enzymes such as 
lipases, proteases, DNA repair enzymes and transferases (Willcox et al., 2004). 
Preventive Radical Scavenging Repair/De Novo 
Antioxidants Antioxidants Antioxidants 
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Figure 1.3: Mechanism of endogenous and exogenous antioxidants on ROS damage 
.(Willcox et al., 2004) 
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1.2.3 Natural antioxidants 
1.2.3.1 Endogenous antioxidants 
Generation of ROS inside the human body is inevitable. Thus an effective and 
complement endogenous antioxidant network of intracellular and extracellular 
antioxidants with diverse roles within each area of defense must be present in our 
bodies. Preventive antioxidant enzymes are the first line of defense in suppressing 
the generation of various ROS. In particular, superoxide distmutase (SOD) converts 
the superoxide radical to hydrogen peroxide and oxygen, while catalase converts 
hydrogen peroxide to oxygen molecules and water. Some of the antioxidant enzymes 
exist in several forms, which facilitate them to work in separated areas within cell. 
For example, SOD has membrane, cytosolic, and extracellular forms. The antioxidant 
enzymes, SOD, glutathione peroxidase (GPX), and catalase (CAT), work within the 
cells to remove most superoxides and peroxides within the cells while the escaped 
ROS are terminated by other chain-breaking antioxidants from dietary sources. 
Figure 1.4 summarizes the enzymatic degradation of ROS. 
Superoxide Dismutase 
" 2CV�2H. • HA ^03 
Catatase 
2 H2O, • O2 + 2 H2O 
(3/aiai/?/o 门 o P9roxfdas& 
Peroxiredoxin VI 




H2O2 + Trx(SH)2 • 2H^0 * TrxSz 
GhJtathicrre Reductase 
GSSG 冬 NADPH + ^ 2 GSH + NADP-
Thior&doxin Reductase 
TrxSs + + NADPH + H* ^ Trx(SH)2 • • NADP+ 
Figure 1.4: Enzymatic degradation of reactive oxygen species (Rahman et al., 2006) 
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1.2.3.2 Exogenous antioxidants 
Diet plays a vital role in the production of the antioxidant defense system by 
providing essential dietary antioxidants such as vitamin E, C and /3 -carotene, other 
plant polyphenolics, and essential minerals that form important antioxidant enzymes 
such as zinc in SOD. 
Vitamin C is a very powerful secondary antioxidant that works well in aqueous 
environment of the body, such as lungs and lens of the eye (Valko et al., 2006). 
Vitamin C contains two ionisable hydroxyl groups which enable Vitamin C to donate 
hydrogen ions to ROS, leaving a resonance stabilized tricarbonyl ascorbate free 
radical. Vitamin C co-operates with Vitamin E to regenerate its most effective form, 
the a-tocopherol, from its radicals in membranes and lipoproteins. 
Vitamin E is a fat-soluble vitamin that exists in eight forms, a-tocopherol is known 
as the most active form of vitamin E in humans, especially at lipid phase such as cell 
membrane. As mentioned above, oxidized a-tocopherol is regenerated by vitamin C. 
Carotenoids, involve over 600 different structures, are another types of dietary 
antioxidants found in nature. The most important carotenoids are all-trans-|3-
�� carotene and lycopene. Their antioxidant activity is attributed to the ability of 
delocalization of the unpaired electron in the conjugated double-bonded structure, 
after neutralizing ROS by radical addition, hydrogen abstraction or electron-transfer 
reaction (El-Agamey et al., 2004). 
Polyphenolic compounds (e.g. flavonoids) have received much attention in recent 
decades, since they are found to be more effective than other traditional dietary 
• antioxidants in vitro and have no adverse effect (Geroge et al., 2005; Rice-Evans et 
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al., 1997; Shi et al , 2005). All polyphenolic compounds possess an aromatic ring 
bearing one or more hydroxyl groups, and they are classified as different subclasses 
due to the structural variations. They are generated from two distinct biochemical 
pathways, namely the acetate pathway and the shikimate pathway (Escarpa & 
Gonzalez, 2001). Phenolic compounds acting as antioxidants may function as 
terminators of free radical chains and as chelators of redox-active metal ions that are 
capable of catalyzing lipid peroxidation, leaving a phenoxy radical which is 
stabilized by delocalization of electrons within multiple bonds. 
1.2.4 Synthetic antioxidant 
Other than the natural antioxidants, some synthetic antioxidants have been applied in 
food industry to prevent food deterioration. BHT (butylated hydroxytoluene), BHA 
(butylated hydroxyanisole) and TBHQ (tertiary-butylhydroquinone) are some 
examples which are used in oil-rich food to prevent rancidity. However, high-dose 
consumption of these synthetic antioxidants may cause toxicological effects. For 
example, high doses of BHA have a light proliferative effect on the esophagi of pig 
and monkey (Ito et al., 1986). Due to the ability of BHT to reduce vitamin 
K-depending blood-clotting factors, BHT may cause internal and external 
�� hemorrhaging at high doses that is lethal to some strains of mice and guinea pigs (Ito 
et al., 1986). The use of synthetic antioxidants is limited with regard to its toxicity 
and consumer preferences towards natural antioxidants (Gramza & Korczak, 2005). 
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1.3 Oxidative Stress 
1.3.1 Balance between ROS and antioxidants 
Ideally, the generation of ROS during metabolism, immune response and cellular 
signaling is an essential and normal process that is compensated for by an effective 
endogenous antioxidant system. In normal conditions, the endogenous antioxidant 
defense balances the ROS production, but with a 1% daily leak (Berger, 2005). 
Nevertheless, the escaped ROS is effectively neutralized by dietary antioxidants. 
However, due to many environmental (e.g. air pollution, cigarette smoke, radiation), 
dietary (e.g. high fat intake) and pathogenic situations (e.g. inflammatory response, 
ischemia), excess ROS can accumulate. The endogenous antioxidant system no 
longer can strike the balance between ROS generation and ROS elimination. The 
situation in which there is a significant imbalance between free radicals and the 
antioxidant defense system is known as oxidative stress (Willcox et al.，2004). 
1.3.2 Diseases associated with oxidative stress 
Under mild oxidative stress, cells can normally adjust by up-regulating the synthesis 
of antioxidants in the antioxidant defense system through changes in gene expression. 
� However, at high levels of oxidative stress, serious cell injury leads to oxidative 
damage to all types of biomolecules including DNA, proteins and lipids, which may 
cause many degenerating diseases. 
Cardiovascular disease is one of the main diseases that are associated to oxidative 
stress. Most cardiovascular events will result in atherosclerosis, a disease of the 
arteries involving a local thickening of the wall of vascular vessels. Typical 
• atherosclerotic lesions involved four stages: i) LDL oxidation by ROS; ii) migration 
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of monocytes into intima and conversion to macrophage; iii) identification and 
engulfment of oxidized LDL by macrophage and iv) foam cells formation and 
aggregation. Upon high level of oxidative stress, more oxidized LDL accumulates in 
the blood vessels, resulting in an enhancement of chemoattractive force. This 
increases recruitment of circulating monocytes into vessel intima (Frostegrad et al., 
1991) and the rates of oxidized LDL uptake and degradation by the macrophage 
through up-regulation of receptors (Henriken et al , 1981). 
Cancer is another disease that is positively correlated with its occurrence and 
oxidative stress. The process of carcinogenesis generally involves three stages: 
initiation, promotion and progression. Tumor initiation begins in cells with DNA 
damage both from inherent genetic alternation (e.g. oncogene) and from spontaneous 
or carcinogen-induced mutations. Under high oxidative stress, ROS that have 
escaped from the arrest of antioxidant defense system then attack DNA strands and 
cause mutations, resulting in uncontrolled apoptosis. ROS also inhibit the DNA 
repair enzymes which are able to repair the DNA damage. The promotion stage is 
characterized by the clonal expansion of initiated cells by the induction of cell 
proliferation and/or inhibition of apoptosis. This stage is proven to be 
� dose-dependent and requires the continuous presence of the tumor stimulus and 
hence is a reversible process (Loft & Poulsen, 1996). High level of oxidative stress is 
cytotoxic to cell by suppressing antioxidant defense system and/or inducing 
apoptosis or anti-apoptosis, while low level of oxidative stress can stimulate the cell 
division and hence the promotion of tumour growth (Dreher & Junod, 1996). 
Continuous generation of ROS during this stage, which further promotes tumour 
proliferation, worsens the situation and leads to the final stage of carcinogensis 一 
.P rogress ion . This stage is irreversible and is characterized by accumulation of 
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genetic damage and genetic instability, leading to the transition of the cell from 
benign to malignant. 
Aging is not a disease, but it is generally defined as a progressive decline in the 
efficiency of biochemical and physiological processes after the reproduction phase of 
life (Rahman, 2003). The widely accepted aging theory is the ‘free radical theory of 
aging' originally proposed by Harm an (1956), which postutlates that aging is caused 
by accumulated damages by free radical reactions that are induced by the 
environment, disease and intrinsic aging process. 
Other diseases, including diabetes (Maritim et al., 2003), neurological disorders 
(Christen, 2000), immune diseases (Zhang et al , 1997) and eye diseases (Krinsky, 
2003)，have also been found to correlate with the level of oxidative stress. 
1.3.3 Beneficial effects of dietary antioxidants towards degenerative diseases 
In vitro and cell line studies showed dietary antioxidants can inhibit foam cells 
formation and possess chemopreventive effect against cancer. For example, 
vegetables like spinach, cabbage, red pepper and broccoli and fruits like cranberry, 
V lemon, red grape and strawberry, which contain high level of total phenolics and 
possess strong antioxidant activity, were found to reduce the HepGi human liver 
cancer cell proliferation (Chu et al., 2002; Sun et a l , 2002). During 1980s, 
13 -carotene was extensively studied and it showed inhibition on carcinogenesis in 
head/neck, mammary, colon, bladder, and skin cancer models in vivo and in 
mammary organ cultures in vitro (Hercberg, 2005). The addition of green tea extracts 
to drinking water resulted in a 6.4% (52days) prolongation of life span of normal 
‘ m i c e (Kitani et al., 2004). 
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Several epidemiological studies have linked vitamin C intake with a reduced risk of 
several cancers, including oral, esophageal, stomach, colon, and lung (Block et al.， 
1992). A cohort study (Knekt et al, 1997) from Finland, involved 9959 men and 
women reported an inverse association between the intake of flavonoids and the 
incidence of coronary mortality. The relative risks between highest and lowest 
quarters of flavonoid intake adjusted for age, smoking, serum cholesterol 
concentration, blood pressure, and body mass index were 0.69 (95% confidence 
interval 0.53 to 0.90) and 0.54 (0.33 to 0.87) for total and coronary mortality, 
respectively. The corresponding values for men were 0.76 (0.63 to 0.93) and 0.78 
(0.56 to 1.08), respectively. • 
However, supplementation of dietary antioxidants alone does not always come with 
encouraging results in epidemiological and clinical studies. Vitamin C 
supplementation did not show significant protection against both breast cancer and 
lung cancer (Patterson et al” 2001). Another study of dietary intake of vitamin C with 
risk of melanoma even showed that high dose (-400 mg/day) of vitamin C resulted 
in higher relative risk (-1.33) when compared with standard group (Feskanich et al., 
2003). The pro-oxidant properties of Vitamin C was also explored in some in vitro 
^ and animal supplementation studies, which proposed its pro-oxidant effect was due 
to the uncontrolled release of metal ions from damaged cells (Kang et al., 1998). 
Fortunately, vitamin C has been proven to promote transition metal-ion dependent 
hydroxyl radical formation in biological fluids, but only under unphysiological 
conditions (Smith et al., 1997). Recent large clinical trials have showed that 
supplementation of a-tocopherol/(3-carotene increased 18% in the incidence of lung 
cancer (Albanes et a l , 1997). It may be attributed to its pro-oxidant effect，especially 
• under high oxygen concentration or high pollutant in this case. 
. 19 
Fortunately, intake of diets rich in antioxidants always comes with encouraging 
results. In a review which summarized a number of previous clinical studies 
(Steimnetz et al. 1996), it has been demonstrated moderate (33%) to high (100%) 
inverse correlation between the occurrences of cancers and the intake of different 
categories of vegetables and fruits. The correlation was strongest for stomach cancer 
and lung cancer, which are the primary sites for exogenous ROS attack. Garlic, 
which consists an abundance of polyphenolics and sulphur compounds, was found to 
be excellent antioxidant sources which prevent age-related diseases, particularly 
CVD and cancer in epidemiological studies (Rahman, 2003). 
It is still too early to conclude whether dietary antioxidants can reduce the risk of any 
degenerative diseases. Intake of the whole food rich in dietary antioxidants (e.g. 
vitamin C, vitamin E, carotene and phenolics), rather than antioxidant 
supplementation, is obviously the best way to neutralize free-radical mediated 
oxidative stress. . 
V 
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1.4 Principles of assays 
1.4.1 Evaluation of antioxidant activity 
1.4.1.1 ABTS radical cation scavenging activity (ABTS) 
This method was first reported in 1993 (Miller et al., 1993) and was later improved 
(Re et al., 1999). It is widely applicable for the study of antioxidant in food extract 
and human or animal plasma. The technique involves the direct production of the 
blue/green 2,2'-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid (ABTS) cation 
radical chomophore through the reaction between ABTS and potassium persulfate 
which is a strong oxidizing agent. The radical cation has relatively long life with 
absorption maxima at wavelengths 645nin, 734nm and 815nm. This assay evaluates 
the ability of an antioxidant to reduce the pre-formed ABTS cation radical to ABTS 
(decolourization of the blue/green chomophore) as a result of scavenging and chain-
breaking effect of the antioxidant on the radical. Hence, by comparing the extent of 
the decolorization as reflected by the decrease in absorbance with control, the 
inhibition percentage against ABTS cation radical can be obtained. Also, by 
comparing the result with that of an antioxidant standard, Trolox 
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxlic acid), a vitamin E analogue, the 
antioxidant activity of the sample tested can be calculated relative to the reactivity to 
this standard. The antioxidant activity is expressed as Trolox Equivalent Antioxidant 
Capacity (TEAC) which reflects the amount of Trolox (ng TEAC/mg) having the 
same antioxidant capacity to 1 mg the sample tested. (Re et al., 1999) 
1.4.1.2 DPPH radical scavenging capacity (DPPH) 
DPPH radical is one of a few stable and commercially available organic nitrogen 
radicals and has a UV-VIS absorption maximum at 515nm. It has been widely used 
- d u e to its stability, simplicity, and reproducibility (Katsube et a l , 2004). After 
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reduction by antioxidants, the violet DPPH radical turns to colourless. The progress 
of the reaction is conveniently monitored by the change in absorbance using a 
spectrophotometer until the reaction ends. The inhibition % can then be calculated by 
comparison of the absorbance from the remaining DPPH radical after the addition of 
antioxidant to that of the control. The inhibition % is proportional to the antioxidant 
concentrations, and the concentration that causes a decrease by 50% is defined as 
E C 5 0 . 
1.4.1.3 p-carotene bleaching assay (P-carotene) 
The method was firstly introduced in 1968 (Macro, 1968). It is a sensitive method to 
measure the ability of an antioxidant to inhibit lipid peroxidation as well as its 
hydrogen-donating ability to quench lipid peroxides and radicals. The determination 
of antioxidant activity is based on the coupled oxidation of two major reagents, 
linoleic acid and p-carotene that is orange in colour. Linoleic acid is a PUFA; it will 
be oxidized with oxygenated water and at elevated temperature. The oxidation will 
then generate free radicals which attack the unsaturated double bond of (3-carotene to 
cause its decolorization. The presence of an antioxidant is able to inhibit the 
generation of free radicals in the chain reaction or neutralize the free radicals formed 
during lipid peroxidation, retarding the bleaching rate of P-carotene. As a result, by 
�� 
measuring the bleaching rate of the sample and the negative control (water only) 
spectophotometrically at 470-500 nm for 3-5 hours with 15- or 30-minute intervals, 
the extent of the antioxidant activity on lipid peroxidation inhibition and the reaction 
kinetics can be determined. Therefore, the higher the absorbance recorded, the 
stronger the antioxidant activity present in the food extract. Recently, the method has 
been speeded up using 96-well microplates for sample incubation and an automatic 
• reader for simultaneous absorbance measurements (Koleva et al., 2002). 
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1.4.1.4 Ferric reducing antioxidant power (FRAP) 
The method is simple, rapid and highly reproducible which was originally applied to 
human plasma but has been extended to other biological fluids, foods, plant extracts, 
juices, etc (Antolovish et al., 2002). The reduction of ferric to ferrous ion by an 
antioxidant at low pH (3.6) causes a colored ferrous-tripyridyltriazine complex to be 
formed, with a maximum absorbance at 593 nm. FRAP values are obtained by 
comparing change in the absorbance at 593nm in test reaction mixtures with those 
containing known concentration of ferrous ions (Benzie & Strain, 1996). Results can 
be expressed as Fe^^ equivalents [|iM Fe(II)E/mg], comparing the absorbance at 
593mn to a calibration curve of Fe^^ with known concentrations. 
1.4.1.5 Hydroxyl radical scavenging activity (.OH) 
The assay was first described in 1987 (Halliwell et al., 1987). Hydroxyl radicals are 
generated by the reaction of an iron-EDTA complex with ascorbic acid and hydrogen 
peroxide. The highly reactive radicals attack deoxyribose to forms products, upon 
heating with thiobarbituric acid at low pH, yields a pink chromogen. It involves the 
deoxyribose sugar (2-deoxy-D-ribose) which is degraded on exposure to hydroxyl 
radicals generated by a mixture of Fe3+，ascorbic acid, and H2O2 [(1.17), (1.18) and 
- (1.19)]. When the resulting complex mixture of products is heated under acidic 
condition, malondialdehyde (MDA) is formed (1.20) and it is detected by its ability 
to react with thiobarbituric acid (TBA) to form a pink chromogen (1.21). Presence of 
an antioxidant inhibits the hydroxyl radical to attack deoxyribose and decreases the 
formation of MDA. Hence antioxidant will inhibit the formation of the pink 
chromogen while addition of ascorbic acid and the extra H2O2 can accelerate the rate 
of deoxyribose degradation as well as regenerate Fe^^-EDTA (1.22). 
i 
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Fe2+-EDTA + 02 + Fe^^-EDTA + O2" (1.17) 
2O2-+2H+H2O2 + O2 (1.18) 
Fe2+-EDTA + H2O2 + OH" + -OH + Fe^^-EDTA (1.19) 
•OH + Henyyrihose-> fragments heat with TRA pins add 一 MDA (1.20) 
2TBA+ MDA+ chromogen (1.21) 
Fe3+-EDTA+ asorbate -> Fe^^-EDTA + oxidized ascorbate (1.22) 
1.4.2 Determination of total phenolic content 
1.4.2.1 Folin-Ciocalteu method (FC method) 
The assay was initially intended for the analysis of proteins based on the activity of 
Folin-Ciocalteu reagent towards tyrosine (containing a phenol group) residue. Its 
application was extended to foods by Singleton and co-workers in 1965 (Singleton et 
al., 1999). It is a convenient, simple and reproducible method for the determination 
of phenolic content. This assay actually measures the electron donating ability of the 
sample to reduce phosphotimstates-phosphomolybdates complexes (in Folin-
Ciocalteu reagent) under alkaline condition to form intense blue products having 
maximum absorbance at 725nm. Saturated sodium carbonate is commonly added to 
the reagent mixtures to provide a basic condition for the dissociation of phenolic 
- compound to a phenolate anion which is capable of reducing the Folin Ciocalteu 
reagent by an electron-transfer mechanism. Hence, the more abundant of the 
phenolic compounds, the higher the intensity of the blue chromogen can be measured. 
The absorbance of the sample is compared to the absorbance of a phenolic standard 
such as gallic acid and the phenolic content is expressed in terms of the amount of 
the standard as gallic acid equivalent (GAE) (Huang et al, 2005). 
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1.4.2.2 Enzymatic method 
A new spectrophotometric enzymatic method was recently established for the 
determination of total phenolic content in tea and wine (Stevanato et al., 2004). This 
assay is based on the peroxidase-catalyzed oxidation by hydrogen peroxide, 
producing phenoxyl radicals that can react with aromatic substrates 
(4-aminophenazone) to form intensely colored complex with a maximum absorption 
at 500nm. Compared with Folin-Ciocalteau method, this assay is regarded as more 
specific and is not affected by the common interfering substances such as ascorbate, 
citrate as well as sulfite. However, this method requires further investigation on its 
applications on other food"items. Details will be discussed in Chapter 2. 
1.4.3 Determination of Hydroxymethylfurfural (HMF) 
The Maillard reaction products (MRPs) formed during thermal processing was found 
to possess antimutagenic activity which had been found to be closely related to its 
antioxidant properties (will be described in 1.5.2.2). Hydroxymethylfurfural (HMF), 
which is one of the products from Maillard reaction, is often used as the reliable 
indicator of degree of Maillard reaction in honey and other food items (White, 1979; 
Nanda et al., 2006). 
This spectrophotometric method was adopted from a report previously used for 
determination of HMF in honey (White, 1979). This method is based on the specific 
absorption spectra (284mn and 336mn) of HMF, which is clarified by precipitation of 
other common interfering compounds with similar absorption maxima by Carrez 
solutions. The addition of bisulfite or metabisulfite destructs the 284nm chromophore 
of HMF by electrophilic addition to the unsaturated carbonyl system (White, 1979). 
- The difference in the spectrum between sample (without bisulfite) and reference 
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(with bisulfite) closely relates with the concentration of HMF. The concentration of 
HMF in a sample can be quantified by referring to the calibration curve plotted with 




1.5 Effect of food processing on antioxidant activity 
Fresh fruits and vegetables possess abundant dietary antioxidants; however, their 
high moisture content facilitates undesirable bacterial and enzymatic activities, 
which shorten their shelf-life. After harvest, changes like browning, loss of moisture 
and texture occur leading to food spoilage (Suguna et al., 1995). Thus, fruits and 
vegetables are often subjected to different types of treatments, especially thermal 
processing, in order to preserve their quality by minimizing those undesirable 
reactions (Scalzo et al., 2004). The general concepts in food processing includes the 
addition of thermal energy and by elevated temperature, the removal of thermal 
energy or by reduced temperatures, the removal of water or by reduced moisture 
content, and the use of packaging to exclude the influence of the external 
environment. However, the information of the effect on various treatments on 
phytochemicals and antioxidants is still scarce and controversial. In this section, 
several food processing and storage methods, which are commonly applied for food 
preservation, will be introduced and their influence on the antioxidant activity in the 
food will also be discussed. 
1.5.1 Blanching 
�� Blanching, which is a relatively mild thermal treatment, aims at denaturation of 
enzymes and microbes with elevated temperature and short time in an effort to 
improve the stability of food products during storage. Blanching is seldom applied 
alone in typical food processing. Instead, it is the prior step of sealing fruits or 
vegetables in containers or packages, as blanching removes air from intercellular 
spaces of a fruit or vegetable. Blanching is also required before drying, since the 
temperatures associated with drying are normally insufficient to inactivate enzymes 
- w i t h i n the foods, and enzymatic activity is not controlled well solely by reducing 
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moisture content. In addition, blanching is often applied prior to canning or 
commercial sterilization with the purpose of preventing product quality loss during 
the time required for the temperature of the product to reach that of the commercial 
sterilization (Heldman, 1997). Table 1.2 shows the effect of different blanching 
treatment on the antioxidant activity and components of foods. 
Blanching reduces the undesirable enzymatic activity. In a food matrix, lipoxygenase 
and polyphenoloxidase (PPO) are two major types of enzymes which deteriorate 
food quality by catalyzing lipid peroxidation and enzymatic browning, respectively. 
A study showed that inactivation of PPO by steam blanching induced a significant 
recovery of anthocyanin and cinnamate contents in highbush blueberry juice (Rossi 
et al., 2003). 
Nevertheless, leaching of water-soluble minerals and vitamins accounts for the loss 
in antioxidant properties, especially by prolonged hot-water blanching. For instance, 
10-min and 15-min hot-water blanching significantly reduced (p<0.05) the inhibitory 
effect of P-carotene bleaching and DPPH scavenging activity of spinach, owing to 
the gradual reduction of phenolic compounds during blanching (Amin et al., 2006). 
Thermal degradation of dietary antioxidants is minimal by high-temperature-short-
time (HTST) treatment in normal blanching practice. However, unstable antioxidant 
component, such as ascorbic acid, was degraded dramatically in peas and carrots 
even after short-time blanching (2-3mins) (Puupponen-Pimia et al., 2003). In contrast, 
it was shown that the bioavailability of p-carotene increased as a consequence of 
either moderate heating or the enzymatic degradation of the cell wall structure. The 
- increase in P-carotene in 20 commonly consumed vegetables compensates for the 
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loss in thermal degradation, resulting in similar level after blanching 
(Puupponen-Pimia et al., 2003). Fruit and vegetables that were subject to blanching 
retained most of their original antioxidant properties (Nicoli et al., 1999). 
The changes in antioxidant activity of blanched food depend on the heating medium 
(e.g. hot water, steam, or hot air), the temperature, the osmotic pressure of the 
heating medium, the product surface area-to-volume ratio, and the duration of 
treatment. 
1.5.2 Drying 
Drying is a traditional thermal food preservation method which lowers the water 
content to 6-12 % by an elevated temperature. It is also defined as the application of 
heat under controlled conditions to remove majority of water normally present in a 
food by evaporation, reducing the water activity and hence the bacterial or enzymatic 
reactions. It is noted that the processing temperature is usually insufficient to 
inactivate undesirable bacterial and enzymatic reactions. However, unstable dietary 
antioxidants may also be destroyed. There are plenty of options in drying technology, 
including sun-drying, air-drying, oven-drying, fluidized-bed drying, spray-drying and 
�� freeze-drying. Table 1.3 summarizes the effect of different drying treatments on 
antioxidant activities and components of foods. 
1.5.2.1 Sun-drying or air-drying 
Sun-drying and air-drying are most probably the oldest and simplest forms of drying. 
However, apart from slow drying rates, the effects of these two dryings on 
antioxidants are extremely variable as drying conditions change throughout the day, 
‘ and from day-to-day. 
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Sun-dried pears with 35% moisture content were found to have a decrease of 64% 
(on a dry pulp basis) in the total amount of native phenolic compounds (Ferreira et 
al., 2002). However, it was found that commonly consumed sun-dried green leafy 
vegetables in Nigeria had a significant increase in the total phenolic content 
(6.45-233.08%), reducing power (16.00-362.50%) and DPPH radical scavenging 
activity (126.0-5757.00%), despite a significant loss in vitamin C (16.67-64.68%) 
(Oboh & Akindahunsi, 2004). 
Air-drying generally causes a reduction in antioxidant activity of fruits or vegetables. 
The ascorbic acid content and carotenoid level of peppermint and oregano were 
significantly reduced after air-drying for ten days, resulting in reduction in the 
overall antioxidant activity (Capecka et al., 2005). 
1.5.2.2 Oven-drying 
One of the most common types of dryers is tray or cabinet oven dryer. The food 
product is placed inside a drying chamber with hot air blowing across the product. 
The drying efficiency can be maintained by venting system as well as heating coils. 
Due to its high versatility in applications to different food matrices and its low costs, 
« oven-drying is widely applied in food industry. 
In food matrix, lipid droplets, liposomes and membranes are protected by layers of 
hydrated proteins against oxygen attack from the air. This protective layer is 
destroyed by the removal of water, allowing the exposure of internal lipids to 
atmospheric oxygen. As mentioned, lipids, especially PUFA, are susceptible to 
oxidation, and oxidized fatty acids will initiate lipid peroxidation. Therefore even at 
- ambient temperature or under refrigerated storage, lipid peroxidation is more rapid in 
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dried foods than the fresh one (Frankel et al., 1996). 
Thermal treatment may cause a significant reduction in natural antioxidants. There 
are numerous researches that demonstrate the antioxidant contents and antioxidant 
activity are drastically decreased after oven-drying with different conditions. For 
instance, the antioxidant activity and the phenolic contents of President plum sample 
dried at 60°C were significantly reduced when compared with those fresh ones (Piga 
et al., 2003). Another research showed that both the antioxidant activity and total 
phenolic content of seaweed were significantly reduced after oven-drying at 50°C for 
48 hours (Jimenez-Escrig et al., 2001). Oven-drying at high temperature (100°C and 
140�C) also reduced total phenolic contents and condensed tannins of red grape 
pomace peels, leading to a decline in antioxidant activity (Larrauri et al.，1997). A 
combination of drying conditions (90�C for 90 minutes; followed by 70°C for 120 
minutes and 50°C for 120 minutes) also caused a significantly reduction in 
anthocyanins and antioxidant activity of blueberries (Lohachoompol et al.，2004). 
Though some natural antioxidants are partially lost during processing, particular in 
thermal treatments, they can induce the formation of compounds with novel 
antioxidant properties, which can maintain or even enhance the overall antioxidant 
potential of the foods (Nicoli et al., 1999). 
The antioxidant properties of food polyphenols would change as a consequence of 
their change in oxidation state when they undergo processing. Chemical and 
enzymatic oxidation would promote a progressive polymerization of phenolic 
brown-coloured macromolecular products which have been proved to cause a 
• decrease in the antioxidant properties. On the other hand, in some cases, polyphenols 
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from these reactions with an intermediate oxidation state can exhibit higher radical 
scavenging efficiency than the non-oxidized one. This is partially attributed to their 
ability to donate a hydrogen atom from the aromatic hydroxyl group to a free radical 
and/or to the capacity of their aromatic structures to support the unpaired electron 
through delocalization around the k -electron system (Nicoli et al., 1999). In 
addition, elevated temperature is able to liberate polyphenols from its bound form 
with cell walls and other cellular structures, leading to an increase in extractable or 
free phenolic compounds (Rababah et al., 2005). 
Besides natural components and their enzymatic products, the products of Maillard 
reaction (MRPs) during processing also contribute to the increased antioxidant 
properties in processed food (Kajimoto et al., 1975; Yokota et al., 1987). Maillard 
reaction normally occurs between reducing sugars and various amino acids, peptides, 
or proteins, forming numerous products with different structures depending upon the 
reactants, processing conditions, and the degree of browning. These products have 
been found to have a mutagenic or antimutagenic activity while the latter had been 
found to be closely related to antioxidant properties, including intermediate 
reductones and high molecular weight melanoidins with a variety of mechanisms 
,, (Pokomy and Schmidt, 2001). Reductone may act by breaking the radical chain via 
donation of a hydrogen atom while Maillard reaction products can act as metal ion 
chelators by binding heavy metal ions or complexes possessing no 
oxidation-promoting activity to partially protect other antioxidant against 
degradation (Nicoli et al., 1997). Hydroxymethylfurfural (HMF), which is one of the 
products from Maillard reaction, is often used as the reliable indicator of degree of 
Maillard reaction in honey and other food items (White, 1979; Nanda et al., 2006). 
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For example, oven-drying (40.4�C & 24 hours) of fruits, including strawberry, apple 
and peach, was found to enhance the oxygen radical absorbance capacity, attributing 
to the increase in extractability of total phenolics and anthocyanins (Rababah et al., 
2005). Although high-temperature oven drying (85�C until 50%, then 70�C; 38-44 
hours) of plum to prune reduced the anthocyanin content, it enhanced the formation 
of browning compounds which compensated the loss of natural antioxidants due to 
thermal treatment (Piga et al., 2003). 
1.5.2.3 Infrared-drying or microwave-drying 
Unlike sun-drying and oven-drying, input of heat for drying can come from radiation 
sources. Both infrared and microwave radiation enhance the rate of drying by 
supplying heat either to the surface (infrared) or internally (microwave) to the 
product. The electromagnetic waves can directly interact with polar molecules, 
especially water, in moist foods to generate heat for moisture evaporation. This kind 
of drying overcomes the -problem associated with other drying methods which 
overheat external region and incompletely inactivate enzymes internal area, by 
providing a uniform temperature distribution within the whole product (Devece et al.， 
M 
1999). Due to low temperature and short time, radiation-drying is categorized as 
��. minimal thermal processing. 
It was found that when a combination of blanching and microwave heating was 
applied in the processing of mushroom, the loss of antioxidant property in terms of 
ABTS radical cation scavenging ability and the increase of browning attributed by 





Freeze-drying, or lyophilization, differs from the other methods of drying in that 
moisture is removed from the solid state (ice) directly to the vapour state by 
sublimation. Freeze-drying occurs in two steps, namely primary and secondary 
drying stages. Water is removed by sublimation in primary stage while vaporization 
of unfrozen water molecules occurs in the secondary stage of drying. Freeze-drying 
has advantages over other thermal drying techniques which include better 
preservation of colour, nutrients and flavors as well as rapid complete rehydration. 
However, high capital investment, slow operation time and high production costs 
restrict its application to some highly delicate and expensive foods such as herbs, 
spices, seafood, etc. 
A research demonstrated that freeze-drying (-3°C; ImmHg; 48hr) did not 
significantly (p>0.05) affect the antioxidant potential of Jaffa sweeties, which is a 
new citrus fruit (Gorinstein et al., 2004). Minimal chemical and physiochemical 
changes have made freeze-drying extend its application to sample preparation in 
scientific research that requires preservation of chemical components. 
1.5.3 Canning 
Canning, also known as commercial sterilization, is one of the most severe thermal 
food processing. Sterilization is associated with a sufficiently high temperature and 
for sufficiently long time to eliminate any pathogen and enzymatic activity. As a 
result, sterilized foods have a shelf life in excess of six months at ambient 
temperature. The length of thermal treatment mainly depends on pH of the food and 
the heat resistance of micro-organisms or enzymes likely to be present in the food. 
. H i g h - a c i d foods (pH<3.7) such as pickles and fruit purees require less severe 
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conditions while low-acid foods (pH>4.5) such as meats and vegetables normally 
require more harsh conditions. The effect of canning on antioxidant activity and 
components in food is summarized in table 1.4. 
Canning process is complex and normally associated with a series of pretreatments, 
including blanching, sulphitation, peeling, grading, etc. Severe thermal treatment 
gradually induces thermal degradation of susceptible antioxidant components, hence 
reducing the overall antioxidant properties of the processed food. It was found that 
the decimal reduction at 121°C (D^i (min)) of vitamins was about 500-1000 times of 
that of bacterial spores (Cash & Sinha, 1997), indicating vitamins gradually lost in 
the thermal treatment. Prolonged sterilization treatment further reduces the 
antioxidant content of foods through leaching. It was found that ascorbic acid was 
significantly reduced in broccoli after commercial sterilization (Murcia et al., 2000). 
Another research also showed that anthocyanin level was dramatically reduced in 
cherries after canning at 100°C for 12 minutes (Chaovanalikit et al” 2004). The 
amount of phenolic compounds in mushroom was decreased by around 90% upon 
canning at 121°C for 20 minutes (Vivar-Quintana et al., 1999). 
�� However, some researches have showed that commercial sterilization increases the 
antioxidant properties of foods. A recent research showed that mushroom sterilization 
liberated free phenolic compounds upon thermal hydrolysis (Choi et al , 2006). 
Although canning of cherries reduced their anthocyanin content, an increase in the 
phenolic content had explained for an observed enhancement of the overall 
antioxidant properties of cherries (Chaovanalikit et al., 2004). 
• As discussed in 1.5.2.2, thermal processing including sterilization can induce the 
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formation of new compounds with antioxidant properties, which can compensate the 
loss, or even enhance the overall antioxidant potential of foods (Nicoli et al., 1999). 
1.5.4 General thermal treatment 
General thermal treatment differs from drying in which thermal energy is applied and 
water is not removed gradually from the food matrix. Researches on this area are 
diverse and its effect on the antioxidants of vegetables or fruits is species-specific. 
The effect of general thermal processing on antioxidant activity and components of 
foods is summarized in table 1.5. 
One of the classical investigations was the thermal treatment of tomato puree (Nicoli 
et al., 1997), in which thermal treatment (95°C) was continuously applied to tomato 
puree for 6 hours. For the first hour of thermal treatment, the antioxidant activity 
decreased with the decline in vitamin C content; while the antioxidant activity was 
restored and even enhanced with an increase in degree of browning in the remaining 
of the treatment period. Another research on tomato also showed that thermal 
treatment (88°C and 2-30 minutes) enhanced the antioxidant potential of tomato, 
»» 
attributing to the high stability of total phenolics and flavanoids as well as the 
�� increased availability of lycopene (Dewanto et al., 2002). 
General thermal treatment with low temperature is always associated with a decline 
in antioxidant activity. For instance, antioxidant activity and phenolic content of 
grape seed decreased significantly by thermal treatment with 50°C for 120 minutes 
(Kim et al., 2005). Another research, which studied the anti- and pro-oxidant activity 
of water extracts of thermal treated common vegetables, showed water extracts of 
• most vegetables except mushroom and white cabbage possessed pro-oxidant effect 
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after a treatment 25°C for 30 minutes (Gazzani et al., 1998). In contrast, moderate 
temperature often links with enhancement of antioxidant activity. In the same 
research reported by Kim (Kim et al , 2005), both 100°C and 150°C treatment 
enhanced the antioxidant activity and total phenolic content of grape seed. 
1.5.5 Freezing 
Freezing is the unit operation in which the temperature of a food is reduced below its 
freezing point and a proportion of water molecules undergo a change in state to form 
ice crystals. The immobilization of ice crystals exerts a concentration effect on the 
food product and lowers its water activity. Preservation of food is then achieved by 
inactivation of bacterial and enzymatic activities by a combination of low 
temperatures and reduced water activity. Table 1.6 summarizes the effect of freezing 
on antioxidant activity and components of foods. 
Ultra-low-temperature (ULT) freezing provides better preservation on antioxidant 
activity and its antioxidant component, when compared with low-temperature 
freezing and ambient-temperature freezing. ULT freezing (-70�C) might reduce the 
loss of phenolics and anthocyanins in cherries when compared with low-temperature 
V. freezing (-23�C) after storage for 6 months (Chaovanalikit & Wrolstad, 2004). It was 
found that low-temperature freezing (-20°C) reduced the antioxidant capacity of 
blueberries after storage for 3 months, even without a decline in anthocyanin content 
(Lohachoompol et al., 2004). Another research demonstrated that the total 
antioxidant activities and ascorbic acid content of freshly-squeezed orange juices and 
reconstituted orange juices remained the same after 2°C storage for 60 days, while a 
significant reduction of anthocyanins was observed after 20°C storage for the same 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.6 Mushroom antioxidants 
1.6.1 Nutritional information 
The nutritional properties and health benefits of the medicinal mushrooms have been 
recognized in China as a part of traditional Chinese medicine for over 2000 years, as 
well as in Japan and Malaysia (Sadler, 2003), and to a lesser extent in the West 
(Hobbs, 1995). Fresh mushrooms are characterized by the high water, dietary fiber 
and protein but low lipid content. For example, it was found that fresh Agaricus 
bisporus and Pleurotus ostreatus contained over 90% of water by fresh weight. On a 
dry weight basis, they are considered to be good sources of digestible proteins 
(10-40%), carbohydrates (3-21%)，dietary fibre (3-35%) (Manzi et al., 2001) and ash 
(6.9-10.5%) (Manzi et al., 1999). Mushrooms contain all kinds of essential amino 
acids and are limiting in the sulfur-containing amino acids, cysteine and methionine 
(Breene, 1990). Although mushrooms contain all the main classes of lipids, including 
free fatty acids, mono-, di-，and tri-glycerides, sterol esters and phospholipids, their 
levels were found to be low at approximately 2-8% on dry weight basis and the 
caloric value of most mushrooms is low (Mallavadhani et al., 2006). Due to high 
moisture content and nutrition value, edible mushrooms are easily deteriorated due to 
bacterial and enzymatic activities. 
1.6.2 Antioxidant activity of edible mushrooms 
The antioxidant activity of different edible mushrooms has been extensively studied 
in recent decades. In early 1990s, the antioxidant activities of the ethanol crude 
extract of 150 Japanese mushrooms were evaluated and it showed that many 
mushrooms especially in Suillus genus had a 80% peroxide value lowered than the 
control, which also suggested the antioxidant activities of mushrooms are 
-genus-speci f ic (Kasuga et al., 1993). In addition, strong antioxidant activities were 
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showed in both polar (diethyl ether) and non-polar (petroleum ether) extracts of 
oogitake, kugitake and amitake mushrooms, suggesting the presence of both polar 
and non-polar antioxidants in mushrooms. 
Recent research has been focused on the fruiting bodies of several commercial 
mushrooms for their antioxidant activities. Table 1.7 summarizes the antioxidant 
activities and the potent components in some edible mushrooms. In the study of the 
antioxidant activities of the methanol extract of ear mushrooms, it was found that 4 
species of Auricularia family, namely Auricularia mesenterica (black ear), 
Auricularia polytricha (red ear), Auricularia fuscosuccinea Brown (jin ear) and 
Auricularia fuscosuccinea white (snow ear), possessed excellent DPPH radical 
scavenging effect, reducing power, ferrious ions chelating effect, inhibition effect of 
lipid peroxidation and hydroxyl radical scavenging effect (Mau et al , 2001). Similar 
studies was done on a variety of mushrooms from different genus such as 
Flammulina velutipes, Lentinus edodes, Pleurotus cystidiosus, Pleurotus ostreatus, 
Dictophora indusiata, Grifola frondosa, Hericium erinaceus, Trichloma giganteum, 
Tremella fuciformis and Agrocybe cylindracea, which also showed the mentioned 
antioxidative properties (Yang et al., 2002; Mau et al., 2002; Mau et al , 2001; Tsai et 
al., 2006) (Table 1.7). Another study conducted by our laboratory focused on 
screening of 14 newly cultivated mushrooms including 7 edible mushrooms that 
belong to the genus Pleurotus. Pleurotus eryngii var. ferulae (Pevf) and Agrocybe 
aegerita var. albe (Aa) were found to possess the strongest antioxidant activities 
among the 14 lesser-known mushroom species (Lo, 2003). 
The antioxidant activities of mushrooms did not limit to fruiting bodies. Mycelium, 
‘ another stage in the life cycle of fungi, has also been proven to possess good 
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antioxidant activity. The methanol extracts of the mycelium from Grifola frondosa, 
Morchella esculenta and Termitomyces albuminosus demonstrated good DPPH 
scavenging effect and ferrous ions chelating effect (Mau et al., 2004). Some 
polysaccharide fractions with low molecular weight (500kDa and 770 kDa) from the 
mycelium of Grifola frondosa, separated by ethanol precipitation and filtration, 
possessed excellent superoxide radical inhibition (Lee et al., 2003). Another study 
compared the antioxidant activities of methanol extracts of mature (6-week old) and 
baby (2-week old) fruiting bodies, mycelium and fermentation filtrate of Ganoderma 
tsugae. It showed that fruiting bodies possessed the strongest DPPH radical 
scavenging activities among them and the filtrate having ferrous ions chelating effect 
than mycelium (Mau et al., 2005). Similar trend was shown in the water extract of 
another edible mushroom Agrocybe cylindracea (Tsai et al., 2006). The differences 
may be attributed to the different chemical composition found in the different stages 
of life cycles in mushroom. Different parts of mushroom were proven to possess 
different levels of antioxidant activities, in which the caps of Lactarius deliciosus 
and Tricholoma portentosum were found to inhibit DPPH radical more efficiently 
than their stipes (Ferreira et al., 2006). 
�v Fractionation of mushroom extracts enable scientists to find out the functional 
subfractions from the crude extracts. Methanol extraction followed by water 
extraction can simply fractionate antioxidant components into non-polar and polar 
subfractions. In the previous study conducted in our laboratory, the antioxidant 
activities of the methanol and water crude extracts from three Chinese edible 
mushrooms, namely Lentinus edodes (Le), Volvariella volvacea (Vv) and Pleurotus 
tuber-regium (Ptr), were investigated by the /3 -carotene bleaching method, DPPH 
- radical scavenging activity and inhibition of hemolysis of rat erythrocyte (Cheung, 
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2001). It was found that the methanol extract of Ptr possessed significant stronger 
antioxidant activity than the other extracts except its water extract and the methanol 
extract of Vv (p<0.05). In rat erythrocyte hemolysis, both the extracts of Ptr and the 
water extract of Le at 5mg/ml exhibited the highest inhibition percentage (p<0.05). In 
DPPH scavenging activity, both the water crude extract of Ptr and the methanol 
extract of Vv at 4 mg/ml had the highest scavenging effect (p<0.05) (Cheung, 2001). 
The differences in the antioxidant activities between the two extracts of the same 
mushroom reflected that the distribution of polar and non-polar antioxidant 
components were uneven. Further fractionation of the methanol and water crude 
extracts of Le, Vv and Ptr mushrooms was carried out to obtain 4 and 2 subfractions 
by liquid-liquid partition, respectively. The dichloromethane and ethyl acetate 
subfractions of methanol crude extracts from the three mushrooms possessed the 
lowest I C 5 0 values (0.05mg/ml to 0.16mg/ml) among the six subfractions in the assay 
of lipid peroxidation of rat brain homogenates (Cheung, 2001). The ethyl acetate 
subtraction was further ‘ fractionated by a Sephadex LH-20 column into four 
subfractions (EA1-EA4), in which EA3 demonstrated the strongest 
radical-scavenging activity in the ABTS cation radical (0.934 mM TEAC/mg) and 
DPPH radical (0.139mg/ml) assays and exhibited a similar extent of in vitro 
I� inhibition of human LDL oxidation to caffeic acid (Lo & Cheung, 2005). Further 
fractionation and purification by column chromatography is necessary to isolate and 
identify specific antioxidant components. 
1.6.3 Antioxidant components 
Polyphenolics are abundant in plants, including fruits, vegetables and mushrooms. 
Edible mushroom is ranked 12 out of 23 common vegetables in terms of total 
• phenolic content (Vinson et al.，1998). Study conducted in our laboratory suggested 
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phenolic compounds are abundant in mushrooms. The ethyl acetate subfractions of 
both Ptr (0.25mM gallic acid equivalent/mg subfractions) and Vv (0.5mM gallic acid 
equivalent/mg subfractions) were found to contain the highest total phenolic content 
among the 6 subfractions of Le, Vv and Ptr. The ethyl acetate subfraction of Aa was 
found to possess 51.2 gallic acid equivalent (GAE)/mg subfractions (Lo & Cheung, 
2005). Researches on mushroom antioxidants have always found a correlation 
between their antioxidant activities and phenolic content. However, the phenolic 
profile of mushroom is largely unknown. The levels of some specific groups of 
phenolic compounds, which are commonly found in other fruits or vegetables, were 
either absent or in very low levels. The contents of flavanoids and lignans were 
below the detection limits in Agaricus bisporus (Mattila et al , 2001). 
The chromatographic determination is highly precise and accurate, but it is highly 
problematic to identify all of the phenolic compounds in specific plant materials at 
acceptable times and costs of analysis. Only a few phenolics or compounds with 
antioxidant activity have been found in mushroom species (summarized in table 1.8). 
Trans-cmnomic acid, /7-hydroxy-benzoic acid, protocatechuic acid and caffeic acid 
were found at a level between 30 to 790 |ig/100g (on dry weight basis) in Agaricus 
bisporus and Lentinus edodes (Mattila et al., 2001). Flavoglaucin, a phenolic 
compound isolated from the mycelial mat of Eurotium chevalieri, was found to be an 
excellent antioxidant in vegetable oil at a 0.05% level of addition (Ishikawa et al” 
1984). It stabilized lard when used in combination with a-tocopherol at a 0.04% 
concentration. Later, two prenylated phenolics were successfully isolated and 
characterized from the fruiting body of Boletinus asiaticus. They are structural 
isomers and known as asiaticusin A and asiaticusin B (Wada et al., 1996). Two 
• /?-Terphenyls, namely leucomentin-4 and leucomentin-2, were isolated from 
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mushroom Paxillus panuoides and possessed strong inhibitory activities against lipid 
peroxidation in rat liver microsomes with I C 5 0 values of 0.10 and 0.06‘ug/ml， 
respectively (Yun et a l , 2000). Another two ；7-Terphenyls, namely Ganbajunin F and 
Ganbajunin G, were isolated from the fruiting body of Thelephora ganbajun (Hu & 
Liu, 2001). A new antioxidative pseudo-di-peptide, namely Hanasanagin or 
3,4-diguanidino-butanoyl-DOPA, was isolated from the 60% ethanol extract of 
mushroom Isaria japonica recently (Sakakura et al., 2005). 
Sterols are another class of natural antioxidants that can be found in mushrooms. 
They act as free radical scavenger but generally possess weaker antioxidant activity 
than phenolics (Winterle et al., 2001). Ergosterol is an example of sterol that is found 
abundantly in mushrooms such as Agaricus bisporus, Pleurotus ostreatus, and 
Lentinus edodes (Mattila et al” 2002). Other sterol such as ergosta-5,8,22-trien-3p-ol 
was found in Agrocybe aegerita (Zhang et al., 2003). Ergosterol can act as an 
antioxidant that inhibits iron-dependent lipid peroxidation in liposomes (Wiseman, 
1993). 
Mushroom is the excellent source of polysaccharides which demonstrated a variety 
,, of biological functions including anti-tumor, prebiotics, and hypocholesterolemia, etc. 
In some studies, extracts containing polysaccharides were proven to be effective in 
radical scavenging activity. Polysaccharides (770 kDa) from culture filtrates and 
polysaccharides (500kX)a) from mycelium of Grifola frondosa were found to possess 
over 70% superoxide radical scavenging activity (Lee et a l , 2003). Polysaccharides 
with high protein linkage from Ganoderma lucidum and Grifola umbellata, with the 
concentration of 80^1 g/ml, showed excellent superoxide radical scavenging activity 
- with 82.70% and 74.78% inhibition respectively (Liu et al., 1997). 
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1.7 Objectives 
Mushrooms have long been appreciated by their unique appetite and texture 
throughout the world, especially in Asian countries. Recently, the presence of 
biological active compounds in edible mushrooms and their physiological effect have 
drawn much attention, particularly mushroom phenolics and their antioxidant 
activities. Antioxidant activity is believed to provide protection against degenerative 
diseases such as atherosclerosis and cancer by free radical scavenging and reduction 
of oxidative stress. Phenolics are always thought to correlate with the antioxidant 
activity of mushrooms. However, most of the edible mushrooms are easily 
deteriorated due to their high moisture content and high enzymatic activities. 
Therefore they are often subject to processing to extend their shelf-life, particular 
canning and drying. However, the influence of canning and drying on phenolics and 
antioxidant activity were largely unknown. 
The objectives of this project are: 
1. To screen from four common edible mushrooms that are easily deteriorated, 
including Agrocybe aegerita, Volvariella volvacea, Lentinus edodes and 
Agaricus bisporus, for two that have higher antioxidant potency and phenolic 
�� content for the study of thermal treatments. 
2. To investigate the effect of different canning conditions, including blanching 
time, sterilization time and addition of vitamin C as variables, on mushroom 
antioxidant activity and its phenolic content before and after 4-month storage. 
3. To investigate the effect of different oven-drying conditions, with blanching 
time, drying time and drying temperature as variables, on mushroom antioxidant 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 2: Method development 
2.1 Introduction 
The research interests in polyphenols have considerably increased in the past decades, 
owing to their antioxidant activities and their possible role in the prevention of 
several oxidative stress mediated chronic diseases mentioned in section 1.1.4. 
Polyphenols are synthesized as secondary metabolites and can be found abundantly 
in a wide range of plants and fruits. The estimated average daily intake of 
polyphenols is about Ig, which is almost 10-folds the intake of vitamin C, 100-folds 
the intake of vitamin E, and 500-folds the intake of carotenoids (George et al., 2005). 
Polyphenols can be divided into many subclasses, including benzoic acids, cinnamic 
acids, flavones, flavonols, flavanones, chalcones, anthocyanins, isoflavones and 
flavanols, etc. These compounds are consisted of a wide diversity of structures, 
which make their identification and quantification by HPLC using diode array 
detection more difficult. Despite being highly precise and accurate, chromatographic 
determination of phenolic compounds in foods is hindered by a limited number of 
commercial standards, laborious sample preparations and isolation procedures as 
“ well as the chemical structures of unknown phenolic compounds. Thus, the total 
phenolic content, instead of specific antioxidant components, of a plant or fruit is 
usually measured for comparison or screening purpose, particularly in which the 
phenolic profiles are largely unknown. 
Among all the methods in the determination of total phenolic content, the 
Folin-Ciocalteu (FC) method is one of the most widely used one in the past decades 
owing to its simplicity and high reproducibility (Huang, 2005). Despite its popularity, 
there is always controversy over what are being detected in this assay - only phenols, 
or phenols plus reducing agents and possibly metal chelators (Prior et al , 2005). The 
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FC method is based on the reduction (electron donating) of a phosphotunstates-
phosphomolybdates complex by reductants (or antioxidants) to blue reaction 
products (Stratil et al., 2006). Thus, it is not surprising to see excellent linear 
correlations between the total phenolic contents obtained by FC method and the 
antioxidant activity determined by electron-transfer based antioxidant capacity assay 
(e.g. FRAP) as reported widely (Huang, 2005). Obviously, the FC reagent is 
nonspecific to phenolic compounds; and a wide range of organic and inorganic 
interferences have been found in previous reports (Prior et al., 2005). In particular, 
saccharides or sugars, which are normally abundant in water extracts of mushrooms; 
and ascorbic acid and sodium metabisulfite, which are used in common thermal 
processing, are some examples of the interferences in the present study. A recent 
study has reported that a colorimetric correction by subtracting interfering substances, 
which are destroyed by heat subsequently, separated by solid-phase extraction from 
the raw extract of fruit purees or juices was adequate to eliminate water-soluble and 
heat-labile interferences (e.g. vitamin C) (George et al., 2005). However, there were 
still other interfering substances that were water-insoluble and heat-stable present in 
the extracts which were measured as "total phenolics". Another corrective measure in 
the determination of natural polyphenols present in wines required laborious 
pretreatments of the samples to eliminate the reducing interferences (Singleton et al., 
1999). Some heat-labile or light-sensitive phenolic antioxidants might be degraded 
by these pretreatments. A more specific method in the determination of phenolics 
without laborious pretreatments is therefore needed. 
A new spectrophotometric enzymatic method was developed in 2004 for the 
determination of total phenolic content in tea and wine (Stevanato et al., 2004). In 
brief, in the presence of hydrogen peroxide and peroxidase, phenols are converted to 
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phenoxyl radicals by peroxidase-catalyzed oxidation under a slightly alkaline 
medium. The phenoxyl radicals react with aromatic substances (e.g. 
4-aminophenazone) to form intensely colored adducts with absorption maxima at 
500nm after 5-min incubation at 37°C. The absorbance of the reaction is proportional 
to the amount of phenolic compounds. The reaction is shown below (Fig. 2.1): 
\ QH 
Y' + ( A -2H202 




quinone-imine coloured product 
Fig.2.1: Enzymatic reaction in the determination of phenolic content (Stevanato et al” 
2004). HRP: Horseradish peroxidase (HRP). 
A high dose-dependent correlation was found for standard catechin (0-200|jM) and 
the total phenolic contents of 12 teas and 39 Italian red and white wines when 
expressed as Catechin equivalent by this enzymatic method (Stevanato et al., 2004). 
. T h e total phenolic content determined by FC method was generally higher than that 
determined by the enzymatic method, owing to the presence of phenolic or 
non-phenolic interfering compounds. In that study, 3mM ascorbic acid, citric acid, or 
sulfite were added as interfering substances to a red wine sample separately, and the 
TPC values were measured by both the FC method and enzymatic method. It was 
found that the TPC value found by the enzymatic method was not affected by the 
presence of 3mM ascorbate or citrate, but a 6% decrease was detected in the presence 
of 3mM sulfite in the wine sample. On the contrary, the three added substrates 
interfered with the TPC determination by FC method, causing an 11% increase with 
sulfite, 13% with citrate, and 39% with absorbate (Stevanato et al., 2004). 
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Despite the high specificity towards polyphenols and the almost total absence of the 
common interfering substances, the suitability of applying this new enzymatic 
method on other polyphenol-rich food products is still uncertain. Both wine and tea 
contained a high portion of unbound polyphenols and wine samples were measured 
directly without any pretreatment while tea samples were extracted with 95°C 
distilled water for 4 minutes followed by filtration. Accessibility of peroxidase to the 
hydroxyl groups of the polyphenols in tea and wine samples was hence relatively 
higher than other samples in which polyphenols were bound or conjugated due to 
steric hindrance or other factors. The reaction kinetics, the time taken for complete 
reaction and the volume ratio between different reagents in the determination of 
mushroom phenolics still require further investigation. In addition, the responses of 
phenolic standards of different subclasses and with different degree of hydroxylation 
to this enzymatic method are still largely unknown. Therefore, optimization of this 
enzymatic method to mushroom extracts as well as a study of the response of 
different standards to this method are crucial for the investigation of mushroom 
phenolics in this project. 
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2.2 Materials and method 
2.2.1 Standard preparation 
A total of 19 phenolic standards (Table 2.1) with different structures and five possible 
interfering compounds including vitamin C, citric acid, Trolox, TBHQ and phenol 
were evaluated. Stock solutions of phenolic standards were prepared with methanol 
(HiperSov) at a concentration of lOmM. Possible interfering compounds were also 
prepared similarly, except vitamin C which was prepared by distilled water. All the 
standard stock solutions were stored in dark at 4°C. Four concentrations prepared by 
diluting the stock solutions with corresponding solvents (lOmM, ImM, 0.1 mM, and 
0.0 ImM) were evaluated for each phenol standard and interfering compounds. 
2.2.2 Preparation of mushroom crude extracts 
Four fresh edible mushrooms purchased from the local market, including Agrocybe 
aegerita (Aa), Volvariella volvacea (Fv), Lentinus edodes (Le) and Agaricus bisporus 
{Ab), were selected for screening and their details are discussed in Chapter 3. The 
methanol and water extracts of these four mushrooms were used for evaluating the 
suitability of this enzymatic assay on mushroom extracts. 
The mushrooms were cleaned with brushes and frozen in an ultra-low freezer 
(MDF-U50V, Sanyo, Japan) at —80�C and then lyophilized by a freeze-dryer 
(Labconco, England). All the freeze-dried samples were milled into powder through 
a 0.5mm sieve using a hammer mill (MFIO, IKA-WERKE, Germany). Then, all the 
milled samples were stored in airtight plastic bottles inside a dessicator. 
Essentially, the powdered mushroom samples were firstly extracted with absolute 
‘ methanol (HiperSov) followed by a second extraction using water. In brief, three to 
/ 
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five grams of powdered mushroom sample was weighed into an extraction thimble 
and covered with a little defatted glasswool on top. The extraction thimbles were 
heated under reflux with a sample-to-solvent ratio of 1:50 (w:v) using a Soxhlet 
extraction apparatus for 24 hours in fumehood. The methanol crude extract was 
collected in a 500ml round-bottom flask and the solvent was removed partially by a 
rotary evaporator (Buchi rotavapor R-144. Ruchi Labortechnik AG, Switzerland ) 
with a rotation speed of 175 rpm and a pressure of 250 mbar at 40°C and then 
completely removed by a SpeedVac concentrator (ThermoSavant, USA) at 40 °C 
until complete dryness (-8-12 hours). The dried methanol crude extracts from the 
four mushrooms (designated as MAa, MVv, MLe, and MAb) were weighed and 
stored in dark at -20°C. 
The residue of the extraction thimbles was collected and air-dried in fumehood 
overnight. Then the residue was constantly stirred and extracted with distilled water 
at 60°C for 3 hours with a sample-to-solvent ratio of 1:50 (w/v). The mixture was 
then cooled down and centrifuged at 3838g for 5 minutes by a high speed centrifuge 
(J2-M1 centrifuge, Beckman, USA) to separate the water extract with the residue. 
The extract was further filtered through filter paper (Whatman41, diameter 110mm, 
‘ Whatman, USA) under vacuum filtration to remove the remaining insoluble 
materials in the aqueous solution. The filtrate was frozen in an ultra-low freezer 
(MDF-U50V, Sanyo, Japan) at -80°C and then lyophilized by a freeze-dryer 
(Labconco, England). The water crude extracts of the four mushrooms (designated as 
MAaW, MVvW, MLeW, MAbW) were stored in a desiccator at room temperature. 
The stock extract solutions were prepared by dissolving dried crude extracts (i.e. 
methanol and water) obtained from above in corresponding solvents at a 
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concentration of lOmg/ml. The stock solutions were stored in the dark at 4°C. These 
stock solutions were diluted to 5mg/ml and 2.5 mg/ml by the corresponding solvents 
just before the enzymatic reactions were carried out. 
2.2.3 Optimization of the assay on mushroom extracts and standards 
2.2.3.1 Volume ratio between working reagent and sample 
According to the method by Stevanato et al. (2004), 100|il of red wine or fresh tea 
infuse was added to a O.IM potassium phosphate-buffered solution (pH 8.0)， 
containing 3mM 4-aminophenazone (4-AP), 2mM hydrogen peroxidase (H2O2), and 
0.33|iM Horseradish peroxidase (HRP). The absorbance was measured at 500nm at 
37°C for 5 minutes. However, the volume ratio between the sample and the working 
reagent required further investigation. In the present experiment, various volume 
ratios (1:5, 1:6，1:7，1:8，1:9 and 1:10) with the same final concentration of 4-AP, 
H2O2 and HRP were evaluated with known concentrations of catechin and mushroom 
crude extracts. 
2.2.3.2 Reaction kinetics 
Due to the diversity in structures of different phenolic compounds, the reaction 
kinetics and the time taken to attain equilibrium for each phenolic standard were 
expected to be different. The mushroom crude extracts, which are consisted of a wide 
variety of phenolic compounds, would definitely exhibit different reaction kinetics. 
The reaction kinetics of the 19 phenolic standards and 8 mushroom crude extracts 
were investigated in this section. The phenolic standards are classified as different 
subclasses according to different chemical structures, which are summarized in table 
2.1. 
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Three milliliters of 30mM 4-aminophenazone (Sigma), 3ml of 20mM hydrogen 
peroxide, and 1.5ml 6.6^M horseradish peroxidase (P2088) (Sigma), which were all 
freshly prepared with O.IM potassium buffer solution (pH 8.0), were mixed 
thoroughly and diluted to a total volume of 30ml with the same buffer solution to 
form the reagent solution. They were only mixed just before the experiment as the 
peroxidase was very sensitive and could lose its function after a couple of hours. The 
experiment was modified to be carried out in a 96-well microplate. Based on the 
results in 2.3.1, a sample-to-reagent volume ratio of 1:9 was found to be the most 
efficient and sensitive one. To each well, 225|il reagent solution and 25|il sample or 
standard or blank (methanol or water) were added. The plate was then incubated at 
37°C, and readings were taken at 500 nm every minute up to 20 minutes. The 
concentrations of standards and mushroom extracts were ImM and lOmg/ml, 
respectively. All standards and mushroom extracts were tested in triplicate. 
2.2.3.3 Comparison of response of phenolic standards to the enzymatic method and 
the Folin-Ciocalteu (FC) method 
2.2.3.3.1 The enzymatic method 
According to the results obtained in section 2.3.2, a 15-minute incubation time was 
‘ sufficient for the complete reactions of polyphenol standards and mushroom extracts 
with peroxidase and the other reagents. The experimental procedures used in this 
section were similar to those in 2.2.3.2, but the incubation time was set at 15 minutes. 
Each concentration of all the phenolic standards was evaluated in triplicate. 
2.2.3.3.2 The FC method 
Procedures used for the Folin-Ciocalteu method was based on the method described 
‘ by Singleton and Rossi (1965) with some modifications. Firstly, 0.5ml of phenolic 
‘7 0 
f 
standards was mixed with 0.5ml of Folin-Ciocalteu reagent (Sigma) and the mixture 
was allowed to stand at room temperature for 3 minutes. Then, 0.5ml of saturated 
sodium carbonate (35% aqueous solution) (Riedel-de Haen) was added to the 
mixture followed by the addition of 3.5ml of distilled water. The mixture was kept in 
the dark with occasional shaking for 90 minutes and the absorbance at 725nm was 
measured using a spectrophotometer (GenesysS, Spectronic Instruments, USA). 
As stated in the Beer's law, the absorbance of a sample will be proportional to its 
molar concentration in the sample cuvette, therefore a corrected absorption value 
known as the molar absorbance ( £ ) is used when comparing the spectra of different 
compounds, e can be determined by plotting standard curves with a known 
concentration of phenolic standards (ImM, 0.1 mM and 0.01 mM) and defined as 
(equation 2.1): 
Molar absorbance (s) = A / cl (2.1) 
where A = absorbance, c = sample concentration in moles/liter & 1 = length of light 
path through the cuvette in cm (1cm for FC method; 0.25cm for enzymatic method). 
w 
For comparing purposes, the phenolic content of the mushroom crude extracts 
determined by both methods was expressed as the same catechin equivalent (CE) 
which reflected the phenolic content as the amount of catechin (|ig) in Img of dried 
sample. 
2.2.4 Statistical analysis 
In 2.3.1, the dose-dependent responses between the concentrations of phenolic 
standards or mushroom crude extracts and the absorbance with different 
‘ sample-to-reagent ratios were determined by Pearson correlation coefficient in 
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bivariate correlations. 
In 2.3.3，for comparison of the total phenolic content in mushroom crude extracts 
quantified by the two methods, Student's /-test was carried out to detect any 
significant differences (p<0.05) between the methods. The correlations between the 
concentrations of phenolic standards or mushroom crude extracts and the absorbance 
determined by the two methods were found by Pearson correlation coefficient in 
bivariate correlations. The correlation between the degree of hydroxylation and the 
molar absorbance determined by the two methods of individual phenolic standard 
was also analyzed by Pearson correlation coefficient in bivariate correlations. All the 





























































































































































































































































































































































































































































































































































































































































































2.3 Results and Discussions 
2.3.1 Sample-to-reagent volume ratio 
Our preliminary study had found that the reactivity of the reagents was lost if 4-AP, 
H2O2 and HRP were mixed and left for more than one hour even at 4°C (data not 
shown). Thus, the reagents were mixed immediately before the experiment. Figure 
2.2 shows the dose-dependent response of catechin standard solution with different 
sample-to-reagent volume ratio. 
According to figure 2.2, the enzymatic assay showed .high linearity (R^~0.99) 
between the concentrations of catechin and the absorbance at 500nin at different 
sample-to-reagent ratio. Higher absorbance was obtained for the one with a 1:5 
sample-to-reagent ratio, while the absorbance of the other ratios was slightly lower. It 
showed that the higher the sample-to-reagent ratio, the lower the absorbance was 
measured due to dilution effect. At a low sample-to-reagent ratio (e.g. 1:5)，the curve 
leveled at high concentration, resulting in reduced linearity. The possible reason was 
that the absorbance was too high (>1.0) to be measured and because of "saturation" 
as stated in Beer's law. An increase in sample-to-reagent ratio generally improved the 
linearity with an optimum value at a 1:9 ratio. However, the sensitivity of the assay 
was reduced with the highest sample-to-reagent ratio (1:10), with the absorbance 
measured at low concentrations (100)iM and 250|j,M) being slightly lower than the 
predicted curve. 
This sample-to-reagent ratio (1:9) was further tested with mushroom methanol and 
water crude extracts. High dose-dependent response (R^>0.96) was observed (Figure 
2.3) for most extracts except MLe, indicating this sample-to-reagent ratio was 
generally suitable for determination of phenolic compounds in mushroom extracts. 
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Figure 2.2: The dose-dependent response of catechin with different 
sample-to-reagent volume ratio in the enzymatic assay. 
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Figure 2.3: The dose-dependent response of various mushroom extracts with 1:9 
sample-to-reagent volume ratios in the enzymatic assay. 
76 
2.3.2 Reaction kinetics 
In figure 2.4, the reaction kinetics of 19 phenolic standards are illustrated. Different 
phenolic standards demonstrated different reaction kinetics and the enzymatic 
reactions were completed on or before 15 minutes. Based on the reaction time 
summarized in table 2.2, the phenolic standards can be divided into three groups (0-5 
mins; 6-10 mins; and ll-15mins). Gallic acid,的似-cinnamic acid and 
protocatechuic acid belonged to the fast reacting group (0-5 mins), while vanillic 
acid, syringic acid, quercetin, myricetin and catechin belonged to the medium-fast 
reacting group (6-10 mins); and w-hydroxybenzoic acid, /7-courmaric acid, caffeic 
acid, ferulic acid, sinapic acid, chlorogenic acid, apigenin, luteolin, naringenin, 
hesperetin and ellagic acid belonged to the slow reacting group (11-15 mins). 
In the enzymatic reaction, since other substrates (4-AP and H2O2) were in excess and 
the incubation temperature and pH of the reagents were kept constant, the reaction 
rates depended solely on the phenolic standards. 
According to table 2.2，different phenolic standards had different reaction rates and 
"completion times, owing to the difference in their chemical structures (Stevanato et 
al., 2004). Phenolic standards belonged to the same subclasses exhibited similar 
reaction kinetics by taking a similar time to attain the maximum absorbance. All 
cinnamic acids except /ra«5-cinnamic acid, all flavones, and all flavanones took 
about 11-15 minutes for complete reactions; while all flavonols and flavanols took 
about 7-8 minutes for complete reactions. However, benzoic acids demonstrated a 
wide range of reaction times, in which at least one member fell in each reacting 
group. 
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This phenomenon may be explained by the complexity and bulkiness of the phenolic 
standards. The reaction involved electrophilic attack by the phenolic compound 
towards 4-AP that was oxidized by H2O2 in the presence of HRP (further discussed 
in 2.3.3)，thus the reaction rate was hindered by any bulky substituted groups in the 
aromatic rings of the phenolic compounds. Benzoic acids possess the simplest 
structures and completed the reaction in a shorter reaction time than the phenolic 
compounds in other subclasses. Vanillic acid and syringic acid, belonged to the 
benzoic acids with one or two methoxyl substitute group, had longer reaction time 
than other benzoic acids such as gallic acid probably due to steric hindrance. 
In addition, the time taken for complete reaction was independent of the degree of 
hydroxylation in the aromatic rings of the phenolic standards. For example, flavonols 
such as myricetin (8 minutes) with high degree of hydroxylation (6) had taken a 
similar time as benzoic acids such as vanillic acid (10 minutes) with low degree of 
hydroxylation (1) in completing the enzymatic reactions. 
t* 
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Table 2.2: The time taken by the phenolic standards to complete the enzymatic 
reaction 
Name Group No. of OH Time taken 
(min) 
Fast reacting group (0-5mins) 
gallic acid Benzoic acids 3 0 
/nmy-cinnamic acid Cinnamic acids 0 0 
protocatechuic acid Benzoic acids 2 2 
Medium-fast reacting group (6-lOmins) 
vanillic acid Benzoic acids 1 10 
syringic acid Benzoic acids 1 10 
Quercetin Flavonols 5 8 
myricetin Flavonols 6 8 
Catechin Flavanols 5 7 
Slow reacting group (ll-lSmins) 
w-hydroxybenzoic acid Benzoic acids 1 13 
；7-courmaric acid Cinnamic acids 1 14 
caffeic acid Cinnamic acids 2 13 
ferulic acid Cinnamic acids 1 14 
sinapic acid . Cinnamic acids 1 15 
chlorogenic acid Cinnamic acids 2 15 
Apigenin Flavones 3 12 
Luteolin Flavones 4 13 
“ naringenin Flavanones 3 11 
hesperetin Flavanones 2 15 
ellagic acid Others 4 15 
In figure 2.5, all mushroom crude extracts at lOmg/ml exhibited a smooth curve of 
increase in absorbance after the addition of peroxidase and other reagents, indicating 
that this enzymatic method is applicable to mushroom extracts. The reaction time for 
methanol extracts was generally similar to that of water extracts. All the reactions 
completed on or before 15 minutes. Thus, a 15-minute incubation time was chosen 



























































































































































































































































































































































































































































































































































































































































































2.3.3 Response of phenolic standards to the enzymatic method and FC 
method 
2.3.3.1 General trends 
Table 2.3 summarizes the molar absorbance and Pearson's correlation of various 
phenolic standards determined by the enzymatic method and FC method. In general, 
the correlations between the concentrations of all standards and the absorbance 
measured were very high for both methods, with nearly all of the standards having a 
Pearson's correlation over 0.99, indicating both methods were sensitive and 
dose-dependent. However, the response, which is represented by the molar 
absorbance, of individual phenolic standards towards the two assays was very 
different. For example, gallic acid (1310 M'^cm'^) and naringenin (1009 
possessed high molar absorbance in the FC method, while both of them had low 
molar absorbance (28.0 and 45.4 M''cm"') in the enzymatic method. On the 
other hand, vanillic acid, syringic acid, luteolin and hesperetin possessed high molar 
absorbance (805.2-1061 M'^cm'') in the enzymatic method, while all of them had 
moderate (495-907 in the FC method. Such difference between the 
responses of individual phenolic standards towards the two assays might be due to 
the different mechanisms involved in the two assays as explained in the followings. 
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Table 2.3: Molar absorbance and Pearson's correlation of phenolic standards 
determined by enzymatic method and FC method 
Enzymatic method FC method 
Standard No. of Molar R^ Molar R^ 
OH absorbance absorbance 
(M-'cm'') ( N f W ) 
Benzoic acids 
Gallic acid 3 28.0 0.9027 1310 0.994 
w-Hydroxybenzoic acid 1 337 0.999 397 0.999 
Protocatechuic acid 2 250 0.995 1150 0.991 
Vanillic acid 1 1061 . 0.998 584 0.991 
Syringic acid 1 805.2 0.999 907 0.995 
Cinnamic acids 
7>a«5-cinnamic acid 0 n.d. n.d. n.d. n.d. 
/7-coumaric acid 1 41.2 0.969 612 1.000 
Caffeic acid 2 215 0.998 1610 0.998 
Ferulic acid 1 149 0.997 708.6 0.993 
Sinapic acid 1 205 0.999 965 0.990 
Chlorogenic acid 2 182 0.995 1094 0.996 
Flavones 
Apigenin 3 309.1 0.999 668 0.998 
Luteolin 4 997 0.988 495 0.988 
"Flavonols 
Quercetin 5 278 0.998 1920 0.998 
. Myricetin 6 400 0.998 2950 1.000 
Flavanones 
Naringenin 3 45.4 0.959 1009 0.999 
Hesperetin 2 940 1.000 602.6 0.998 
Flavanols 
Catechin 5 279 0.998 1480 0.996 
Others 
Ellagic acid 4 304.6 0.996 2310 0.997 
*n.d.: not detected 83 
2.3.3.2 Response of phenolic standards to the enzymatic reaction 
The detailed mechanism of the enzymatic reaction involved a) oxidation of the amine 
group of 4-aminophenazone (4-AP) by H2O2 and in the presence of HRP, b) 
electrophilic attack of phenoxyl radical to oxidized 4-AP, c) formation of 
quinone-imine coloured adduct (Fiamegos et al., 2000). Figure 2.6 shows an 
oxidizing reaction mediated by ferrocyanate. 
a: oxidauon of the NH, group � -
N > •� 
fS 6 6 
b citxnntphilic atlAck 
6 
c: IbtmuUon ol' Uic qumane imine dvc 
O 乂 .N-CH; ^ - O “ n ' N - C H , • 
. 6 • 6 • 
" N V 
6 6 
Figure 2.6: Mechanism of reaction of 4-aminopyrazolone (4-AAP) derivatives with 
phenol (Fiamegos et al.，2000) 
Similar to the amine group of 4-aminophenazone (4-AP) being oxidized by H2O2 
assisted by HRP in the enzymatic method. Phenolic compounds, which ionize at 
alkaline pH (8.0), become phenoxyl radical and attack the oxidized 4-AP by 
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electrophilic attack (fig.2.6 b), forming a colored quinone-imine product (fig.2.6 c). 
The differences in the response between phenolic standards might be due to the 
nucleophilicity of the corresponding phenoxyl radicals. Hydrogen atoms of the 
aromatic ring substituted by electron-donating groups (e.g. hydroxyl & methoxyl) 
would increase the nucleophilicity of the phenoxyl radicals. Methoxy-substituted 
phenolics generally have greater responses than hydroxyl-substituted one. For 
instances, methoxy-subsituted benzoic acids, including vanillic acid and syringic acid, 
possessed much higher molar absorbance (805.2 -• 1061 M'^cm"^) than other 
hydroxyl-substituted benzoic acids (28.0 - 337 (Table 2.3). The molar 
absorbance of hesperetin, which consists a methoxyl group at the 4' position of B 
ring, was nearly 20 times of that of naringenin that possess the same structure except 
a hydroxyl group is substituted at that position (Table 2.3). 
CH=CH-COOH and COOH group are the examples of electron-withdrawing group, 
which stabilizes the phenoxyl radical by reducing the electron density, resulting in a 
, reduction of nucleophilicity. Having one more double bond, CH=CH-COOH group is 
a stronger electron-withdrawing group. Hence, the molar absorbance of cinnamic 
acids (CH=CH-COOH group) was generally lower than that of benzoic acids (COOH 
group). For example, the molar absorbance of ferulic acid and sinapic acid was only 
1/5 and 1/4 of that of their benzoic counterparts, vanillic acid and syringic acid, 
respectively (Table 2.3). 
Similar to the reaction kinetics in 2.3.2，the response of phenolic standards to the 
enzymatic reaction was found to be independent of the degree of hydroxylation. 
Phenolic standards with high degree of hydroxylation, for example, quercetin and 
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catechin, possessed similar molar absorbance to those with low degree of 
hydroxylation such as protecatechuic acid and caffeic acid (Table 2.3). These data 
agree with previous findings that each molecule can form only one phenoxyl radical, 
which is the fundamental step of antioxidant properties of polyphenols, because the 
oxidized compounds are more difficult to donate electrons further (Stevanato et al., 
2004). 
The position of hydroxyl group in the aromatic ring also contributed to the response 
of specific phenolic compound towards this assay. Phenolic compounds, such as 
j7-coumaric acid and naringenin, with their para-position being occupied by 
CH=CH-COOH and the aromatic ring were found to have low response (Table 2.3). 
It has been reported that when the para-position of the phenol is occupied, the 
reaction takes place in the ortho-position, but in a less effective way (Fiamegos et al., 
2000). 
Trans-cmnsimic acid, which is a cinnamic acid without any hydroxyl group on its 
ring, did not demonstrate an increase of absorbance in the enzymatic method. Since 
the phenoxyl radical is less electrophilic due to the presence of an electron-
� withdrawing group (CH=CH-COOH), it could not react with 4-AP efficiently. 
2.3.3.3 Mechanism in the response of phenolic standards towards the FC method 
As mentioned in section 2.1, FC method is based on the reduction (electron donating) 
of a phosphotunstates-phosphomoiybdates complex by reductants (or antioxidants) to 
blue reaction products. So the response of phenolic standard towards FC method is 
expected to be closely related to their antioxidant activities, which are also attributed 
to their structures. 
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Degree of hydroxylation correlated well with the molar absorbance determined by 
FC method (R^=0.766, jc<0.01), which agrees with the previous findings that 
antioxidant activity of a phenolic compound increases with degree of hydroxylation 
(Shahidi et al., 1992). The molar absorbance of protocatechuic acid (1150 
and caffeic acid (1610 which have a second hydroxyl group introduced at 
the o"/7<9-position of their phenol ring, was higher than those phenolics consisting of 
only one hydroxyl group [e.g. m-hydroxybenzoic acid (397 M'^cm'') and vanillic 
acid (584 M'^cm'')], due to the increase its antioxidant activity by the stabilization of 
the phenoxyl radical through an intramolecular hydrogen bond (Shahidi et al., 1992). 
The presence of a methoxyl group reduced the antioxidant activity and the molar 
absorbance in the FC method because methoxyphenoxy radicals are unable to be 
stabilized by intra-molecular hydrogen bonding (Shahidi et al., 1992). For example, 
the molar absorbance of hesperetin, which has a methoxyl group at the 4, position of 
B ring, was only 60% of that of naringenin that possess the same structure except a 
hydroxyl group is substituted at that position (Table 2.3). Substitution of the 
hydroxyl groups at the 3- and 5- positions with methoxyl groups as found in sinapic 
acid reduces the response to the FC method when compared with caffeic acid as 
” another example (Table 2.3). The difference of antioxidant activity between 
methoxyphenols and phenols also showed the same trend in previous findings, with 
sinapic acid having lower antioxidant activity than caffeic acid (Rice-Evans et al., 
1996). This indicated that the response of an individual phenolic compound to the FC 
method was largely correlated to its antioxidant activity. 
Hydroxylation of the B ring is the major contributor for antioxidant activity of 
flavanoids. Quercetin and catechin were found to possess high molar absorbance 
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(1480-1920 M-icm-i) in FC method. It agreed with the previous findings that all 
flavanoids with 3，，4, - dihydroxy configuration possessed strong antioxidant activity 
(Dziedzic & Hudson, 1983). Myricetin had the highest molar absorbance (2950 
M'^cm"') because it has an additional hydroxyl group at its 5' position, leading to 
enhanced antioxidant activities. 
Thmy-cinnamic acid, which contains no hydroxyl group on its ring, did not 
demonstrate an increase of absorbance in this assay. rra«5-cinnamic acid does not 
possess hydrogen donating ability as the phenoxyl radical cannot be well stabilized 
without hydroxyl groups. 
2.3.4 Response of interfering compounds to the enzymatic method and FC 
method 
Table 2.4 showed the molar absorbance and Pearson's correlation of some common 
interfering compounds determined by enzymatic method and FC method. Vitamin C 
and citric acid could not be detected by the enzymatic method, owing to the inability 
“ to formation of a nucleophilic phenoxyl radical. Trolox and TBHQ had demonstrated 
weak (0.00220 and 1.26 M'^cm'') response to the enzymatic method. Vitamin C (11.7 
“ M-icm-i), Trolox (25.5 Nficm]) and TBHQ (27.8 M-^cm-^), being interfering 
compounds in the FC method, had only moderate molar absorbance towards the 
assay. Citric acid was not detected in FC method either. One of the common 
interferences was from phenol. Phenol, without substitution of other functional 
groups, has been found to be an ineffective antioxidant (Shahidi et al., 1992). The 
phenoxyl radical is not nucleophilic enough to attack, so poor dose-dependent 
response (R^ = 0.321) was found in the enzymatic method. 
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Table 2.4: Molar absorbance and Pearson's correlation of common interfering 
compounds determined by the enzymatic method and FC method 
Enzymatic method FC method 
Interfering compounds Molar Molar r2 
absorbance absorbance 
( M - W ) (M-ign-i) 
Vitamin C n.d.* n.d. 11.7 0.999 
Citric acid n.d. n.d. n.d. n.d. 
Trolox 0.00220 0.994 25.5 0.999 
TBHQ 1.26 0.429 27.8 0.978 
Phenol ^ ^ 0.819 
*n.d.: cannot be detected 
2.3.5 Response of mushroom crude extracts to the enzymatic method and 
FC method 
The total phenolic contents of the mushroom crude extracts determined by the two 
methods were expressed in Catechin Equivalent (jig CE/ mg dried sample) for 
comparison in figure 2.7. The phenolic content in the mushroom crude extract 
determined by FC method was consistently higher than that determined by the 
enzymatic method, except the methanol extract of Aa. Such observations were 
- consistent with previous findings, in which lower phenolic contents were detected 
using the enzymatic method as shown in wine and tea (Stevanato et al” 2004). 
Generally, the phenolic content of mushroom methanol extracts determined by the 
two methods did not differ significantly (p>0.001), except that of Le. However, the 
phenolic content of all the mushroom water extracts determined by FC method was 
significantly higher (p<0.001) than those determined by the enzymatic method, 
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Figure 2.7: Total phenolic content of mushroom crude extracts (|xg CE/mg sample) 
determined by the enzymatic method and Folin-Ciocalteu method. ( + ) indicated 
significant difference (p<0.05) by Student's t-test. 
2.4 Conclusion 
The response of various phenolic standards to the two assays was found to be closely 
related to their structures. However, the response of individual phenolic standards 
towards the two assays was very different, probably due to the difference in the 
- m e c h a n i s m involved. The enzymatic method is more specific to phenolic compounds, 
while the FC method measures the antioxidant activity instead. Some common 
antioxidants, such as vitamin C and trolox (a vitamin E analog), were found to 
interfere in the FC method. The FC method is not suitable to measure the total 
phenolic content of food samples which contain high level of non-phenolic 
antioxidants and other interfering compounds. The enzymatic method is more 
applicable to mushroom extracts than the FC method, because smooth reaction 
kinetics and good dose-dependent curves could be obtained by the former. In 
addition, the enzymatic method, with a greater specificity towards phenolic 
compounds and having the least interferences from other antioxidants, is suitable for 
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determination of mushroom phenolics (Chapter 3) and the investigation of the 
influence of food processing on them (Chapter 4)，in which vitamin C and citric acid 
were present. 
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Chapter 3: Mushroom screening 
3.1 Introduction 
In this section, the antioxidant activities of the methanol and water crude extracts of 
four mushrooms were evaluated in order to select two mushrooms possessing 
relatively higher antioxidant activity and phenolic content for further analysis in the 
effect of thermal processing on their antioxidantive properties (Chaper 4). The four 
mushroom candidates selected for screening are Agrocybe aegerita (Aa), Volvariella 
volvacea (Vv), Lentinus edodes {Le) and Agaricus bisporus (Ab), due to their 
popularity to consumers, susceptibility to deterioration when in fresh form, 
suitability to be handled in processed form, and demonstrating antioxidant activities 
in previous publications. 
3.1.1 Agrocybe aegerita {Aa) 
Agrocybe aegerita {Aa), also known as tea tree mushroom, is a lesser known and 
newly cultivated mushroom. In our previous study, Aa exhibited a relative stronger in 
vitro antioxidant activity amongst 14 other lesser known edible mushrooms in terms 
of scavenging of DPPH radicals, inhibition of 0 -carotene bleaching, and inhibition 
of erythrocyte hemolysis in its water and methanol crude extracts (Lo, 2003). 
Fractionation of the methanol and water crude extracts by liquid-liquid partition was 
found to be effective to fractionate the functional antioxidant subfractions in Aa. The 
ethyl acetate subfraction of the methanol crude extracts demonstrated excellent 
scavenging effect of ABTS radical cation (0.254 mM TEAC/mg) and inhibition of 
lipid peroxidation ( I C 5 0 = 0.0502mg/ml) in a rat brain homogenate. This subfraction 
was further fractionated by a Sephadex LH-20 column into four subfractions 
(EA1-EA4), in which EA3 demonstrated the strongest (p<0.05) radical-scavenging 
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activity in the ABTS cation radical (0.934 mM TEAC/mg) and DPPH radical 
(0.139mg/ml) assays as well as exhibited a similar extent of in vitro inhibition of 
human LDL oxidation to caffeic acid (Lo & Cheung, 2005). The medicinal effect of 
Aa has also been demonstrated by in vivo model. In another previous study in our 
laboratory, it was found that dried Aa powder significant by (p<0.05) reduced serum 
total cholesterol, triglyceride, atherogenic index, hepatic total cholesterol and total 
triglyceride in rats fed with semi-synthetic high cholesterol diet, compared with the 
control group having a normal diet (Yeung, 2003). A follow-up study demonstrated 
that the hamsters fed with a high fat and cholesterol diet had lower plasma total 
cholesterol and total triglyceride levels after 4-week force-feeding period with either 
an ethanol or water extract of Aa (Ig/kg and 2g/kg), compared with the control group 
(Ng, 2005). 
3.1.2 Volvariella volvacea (Vv) 
Volvariella volvacea (Vv), also known as straw or paddy mushroom is the most 
popular species (6.1%) amongst all cultivated edible mushrooms in the world in 1994, 
- particularly in Asian region (Chang, 1999). It was found that its ethanol extract 
exhibited 56.6% DPPH scavenging activity at a concentration of 0.8mg/ml (Fu & 
Shieh, 2001). Its 75% ethanol extract was proven to be excellent in scavenging 
DPPH radical (EC50： 0.92mg/ml) and hydroxyl radical (EC50： 2.07mg/ml); and its 
water extract was found to be less potent in scavenging DPPH radicals (EC50： 
1.35mg/ml) but more efficient in scavenging hydroxyl radicals ( E C 5 0 : 1.71 mg/ml) 
when compared with its ethanol extract (Lee & Jang，2004). In our previous study, 
fractionation of methanol and water crude extracts of Vv, Le and Ptr by liquid-liquid 
partition has been performed. It was found that dichloromethane subfraction of Vv 
showed the highest lipid peroxidation inhibition (IC50： 0.109mg/ml) and had the 
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second highest amount of phenolic compounds (0.253 |imol/mg sample) amongst the 
dichloromethane, ethyl acetate and butanol subfractions of the methanol crude 
extracts of these three mushrooms. Both the high-molecular and low-molecular 
subfractions of the water crude extract of Vv only showed a moderate inhibition (IC50： 
0.109mg/ml and 14.9mg/ml) in lipid peroxidation (Cheung & Cheung, 2004) 
amongst the three mushrooms. These findings suggested that the methanol extract of 
Vv was effective in a non-polar system (lipid peroxidation and DPPH scavenging), 
while its water extract was more efficient in a polar system (hydroxyl radical 
scavenging activity). 
3.1.3 Lentinus edodes (Le) 
Lentinus edodes (Le), also known as winter mushroom or Shiitake, ranked second 
(16.8%) in the most popular species of cultivated edible mushrooms in the world in 
1994，especially in the Asian region (Chang, 1999). Despite its high popularity, the 
antioxidant activity of Le was only moderate. In a previous report that evaluated 
antioxidant activity of eight edible mushrooms, the ethanol crude extract of Le 
- ranked last (24.3% at 0.8mg/ml) in DPPH radical scavenging activity (Fu & Shieh, 
2001). The polar fraction of Le was always found to have more potent antioxidant 
activity than its non-polar fraction. The EC50 in scavenging DPPH radicals 
(1.09mg/ml) and scavenging of hydroxyl radicals (1.3Img/ml) in the water crude 
extract of Le was lower than those of its ethanol crude extract (1.27mg/ml and 
1.73mg/ml respectively) (Lee & Jang，2004). Similar observation was found in the 
water crude extract of Le having a significant stronger antioxidant activity than its 
methanol crude extract, in terms of inhibition of (3 -carotene bleaching, scavenging 
power of DPPH radicals and hydroxyl radical scavenging activity (Cheung et a l , 
2003)： Higher antioxidant activity in the aqueous fraction of Le might be due to its 
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higher total phenolic contents (0.48 mg GAE/g) than that in its ethanol fraction (0.72 
mg GAE/g) (Lee & Jang, 2004). A study conducted by our laboratory showed that 
fractionation of the methanol extract of Le could give a dichloromethane subfraction 
that was more efficient in inhibition of lipid perxoidation (IC50： 0.297mg/ml) than the 
original extract (Cheung & Cheung, 2004). 
3.1.4 Agaricus bisporus {Ab) 
Agaricus bisporus {Ab), also known as button mushroom, was the most popular 
(37.6%) cultivated edible mushrooms in the world according to the figures in 1994 
(Chang, 1999). Despite its popularity, its antioxidant activity was seldom 
investigated. However, some encouraging results were shown in the limited amount 
of related literature. The ethanol extract of Ab ranked first in DPPH radical 
scavenging activity (EC50： 0.31mg/ml) amongst five common edible mushrooms 
(Lee & Jang, 2004) and also ranked first amongst eight edible mushrooms (86.3% at 
0.8mg/ml) in another research (Fu & Shieh, 2001). Its excellent antioxidant activity 
might be attributed to the highest phenolic content (1.28 mg GAE/g) amongst those 
“ common edible mushrooms (Lee & Jang, 2004). Its water crude extract was found to 
be less effective in scavenging of DPPH radicals (EC50： 0.88mg/ml) than its ethanol 
crude extract, owing to its lower phenolic content (0.88mg GAE/g) (Lee & Jang， 
2004). 
< 
3.1.5 P r o c e s s i n g need o f f r e s h m u s h r o o m s 
Despite the proven antioxidant activities in the four mushrooms mentioned above, 
fresh mushrooms are highly perishable and their quality decline rapidly after harvest 
(Mau et al., 1993). Having high moisture and nutritious content, fresh mushrooms 
are easily deteriorated after a short period of storage time even at room temperature, 
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probably due to enzymatic reactions and bacterial degradations. Mushrooms are 
classified as fresh horticultural crops of "very high perishability" with less than 2 
weeks of practical storage life (Gamage & Rahman, 1999). Postharvest development 
in mushrooms, including loss of weight due to dehydration, surface enzymatic 
browning, softening or hardening in texture, and undesirable changes in flavor and 
aroma (Mau et al., 1993), seriously affect the quality of fresh mushrooms and 
customers' preferences. Thermal processing is a possible preservation method to 
extend the shelf-life of fresh mushrooms, particularly canning and drying. However, 
the effect of thermal processing on the changes of their antioxidant activities is still 
largely unknown. 
3.1.6 C o m p a r i s o n o f a n t i o x i d a n t a c t i v i t y o f m u s h r o o m s 
Although many studies have been focused on the antioxidant activities of mushrooms, 
which are popular globally or locally, comparison of the antioxidant activities of 
different mushrooms is difficult due to the differences in the choice of methods, 
expression of results, extraction solvents and conditions, etc. Even using the same 
.extraction methodology and same antioxidant assay，difference in assay methodology 
and expression of results hindered the comparison of their antioxidant activities. For 
example, several ear mushrooms, including Auricularia mesenterica, Auricularia 
polytricha and Auricularia fuscosuccinea, were proven to possess excellent DPPH 
radical scavenging activity (>90% at Img/ml), in which 4ml of mushroom extract 
was mixed with 1ml of DPPH reagent (Mau et al” 2001). In another study, Aa was 
found to possess 79.9士 1.51% DPPH radical scavenging activity at 1.5mg/ml, in 
which only 0.5ml of mushroom extract was mixed with 1 ml of DPPH reagent (Lo, 
2003). So claiming ear mushrooms had possessed a stronger DPPH scavenging 
activity than Aa was misleading. The EC50, which is based on the dose-dependent 
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response of scavenging activity against sample concentration, is also non-comparable 
if the scavenging activities are evaluated by different methodology. A standardized 
and comprehensive screening method should be applied to compare the antioxidant 
activities of mushrooms. 
In this section, a standardized and comprehensive screening method was applied. The 
total phenolic content and the antioxidant activities of methanol and water crude 
extracts from four edible mushrooms were evaluated and compared. The enzymatic 
assay, which has been optimized in Chapter 2, was adopted to evaluate the total 
phenolic content of the four edible mushrooms. Five antioxidant assays, namely 
ABTS radical cation scavenging, DPPH radical scavenging, Ferric Reducing 
Antioxidant Power (FRAP), -carotene bleaching and hydroxyl radical scavenging, 
that are based on different mechanisms were used for screening the four edible 
mushrooms mentioned. 
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3.2 Materials and methods 
3.2.1 S a m p l e p r e p a r a t i o n 
In this project, four fresh edible mushrooms, which are commonly found in Asian 
cuisine, were selected for screening of their antioxidant capacity. The four edible 
mushrooms included Agrocybe aegerita (Aa), Volvariella volvacea (Fv), Lentinus 
edodes (Le) and Agaricus bisporus (Ab). All of them were purchased from the local 
market. The mushrooms were cleaned, lyophilized and milled into powder. 
• 圃 
Figure 3.1: Fruiting bodies of fresh Figure 3.2: Fruiting bodies of fresh 
Agrocybe aegerita (Aa) Volvariella volvacea (Fv) 
Figure 3.3: Fruiting bodies of fresh Figure 3.4: Fruiting bodies of fresh 
Lentinus edodes (Le) Agaricus bisporus {Ab) 
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3.2.2 P r o x i m a t e ana lys i s o f the f o u r f resh ed ib le m u s h r o o m s 
3.2.2.1 Crude lipid 
The method was adapted from the Official Methods of Analysis with some 
modifications (Randall, 1974). All samples were done in duplicate. 
Approximate 5 grams of the ground mushroom sample was weighed into an 
extraction thimble and a little defatted glass wool was placed on top of the sample. 
Then, the thimble was placed in a preheated Soxhlet extraction apparatus (Soxtec, 
Tecator, Sweden) at 140°C. About 50ml of hexane was added into a preweighed 
aluminum cup which contained anti-bumping granules. The aluminum cup was 
connected to the Soxhlet extraction apparatus and the extraction was carried out for 
50 minutes with successive rinsing procedures for 50 minutes. Afterwards, the 
solvent was then evaporated in the Soxhlet extraction apparatus for 30 minutes. Then 
the extract collected in the aluminum cap was kept in an oven at 80°C for 40 minutes 
in order to remove the remaining solvent. The dried aluminum cup was weighed until 
a constant weight was achieved (successive drying periods show additional loss of 
“ <0.05% lipid). The percentage of fat was calculated as follows: 
% of lipid = {[weight of aluminum cup with lipid (g) - weight of empty aluminum 
cup (g) ] / weight of the sample(g)}x 100% (3.1) 
3.2.2.2 Crude protein 
The crude protein was determined by the Kjeldahl method as described by Gunning 
and Arnold (Pomeranz & Meloan, 1994) with some modifications. All the samples 
were done in duplicate. 
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About 0.5 gram of the ground mushroom sample was weighed into a 350ml Kjeldahl 
tube. One piece of Kjeltab (Tecator, Sweden) which contained potassium sulfate and 
copper sulfate and 12.5ml of 18M sulfuric acid were added to the sample and gently 
stirred with care for a while. The tube containing the sample was covered with a filter 
funnel and was heated carefully under low heat in a Kjeldahl digestion apparatus 
(2006 Digestor, Tecator, Sweden) until frothing had disappeared. The temperature in 
the apparatus was then increased gradually to 420°C so that the content of the flask 
boiled briskly. The acid digestion was completed when the solution lost its dark 
colour and became clear. Heating the above solution for a further 30 minutes ensured 
complete oxidation. The Kjeldahl tube was then cooled to room temperature in- a 
fume cupboard and about 75ml of distilled water was added carefully into the cooled 
flask under running tap water. After that the Kjeldahl tube was placed in the Kjeldahl 
distillation set (Kjeltec system, Tecator, Sweden), 50ml 40% (w/v) of sodium 
hydroxide was added to make the content in the flask alkaline. Steam was 
continuously bubbled into the mixture in order to release the ammonia from the 
ammonium sulfate solution. The released ammonia was then delivered to a 250ml 
- conical flask which contained 50 ml of 2% boric acid with a pH value previously 
adjusted to the end-point of screened methyl red indicator. After 150 ml distillate had 
been collected, the content in the conical flask was titrated with O.IM hydrochloric 
acid. 
The percentage nitrogen was calculated as follows: 
% nitrogen = [Volume ofHCl (ml) xO.l M H C l x 1.4]/sample weight (g) (3.2) 
% protein = % nitrogen x 4.38 (3.3) 
where 4.38 is the protein factor for edible mushrooms 
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3.2.2.3 Ash content 
The determination of ash content was based on complete oxidation of organic matters 
under high temperature. The inorganic residue was then considered to be ash. All the 
samples were done in duplicate. 
The empty porcelain crucibles and lids were first acid-washed with 10% HCl (Analar) 
overnight, before they were pre-ashed in a muffle furnace set (NEYllOOC, 
DENTSPLY Neytech, USA) at 550°C. After cooling, the empty crucibles were 
weighed accurately with lids on an analytical balance and then about 3 grams of 
ground mushroom sample was weighed accurately into each pre-weighed crucible 
with lid. The crucibles which were partially closed were then heated in a muffle 
furnace at 550°C and the incineration was continued overnight. Finally, the crucibles 
containing charred food with lids were taken out from the furnace and were 
transferred into a desiccator to cool. The crucibles with lids were weighed, and the 
ash content of the mushroom sample was determined as follows: 
% of ash content = 
‘ {[(crucible with ash + lid) - (empty crucible +lid)] (g)/ weight of sample (g)} x 100% 
(3.4) 
3.2.2.4 Total dietary fiber (TDF) content 
The total dietary fiber in the four edible mushrooms was determined by an 
enzymatic-gravimetric method of the Official Methods of Analysis (AOAC, 1995) 
with some modifications. All the samples were done in duplicate. 
About one gram ground mushroom sample was weighed into a 600ml beaker. Fifty 
millilitres of Mes/Tris buffer (0.05M, pH 8.2) and 0.10 ml of heat-stable a-amylase 
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(Sigma A3306) were added to the sample and mixed thoroughly. The reagent blank 
was the same as the experimental ones except no sample was added. Then the beaker 
was placed in a boiling water bath at 95�C for 30 minutes with gentle shaking and 
then cooled down at room temperature. Meanwhile, 0.1 ml of 50mg/ml protease 
solution, which was prepared freshly with Mes/Tris buffer (0.05M, pH 8.2), was 
added to the cooled beaker with gentle mixing and the beaker was incubated at 60°C 
for 45 minutes. After the beaker was cooled down to room temperature, the pH of the 
sample was adjusted to 4.1-4.8 by 0.325M hydrochloric acid (Analar) and O.IM 
sodium hydroxide (Riedel-de Haen), amyloglucosidase (0.1ml) (Sigma A9913) was 
added and the mixture was incubated at a 60°C water-bath for a further 45 minutes. 
After cooling, 4 volumes (~250-300ml) of 95% ethanol were added to the sample 
and the mixture was allowed to precipitate for one hour at room temperature. The 
mixture was then centrifuged in 500ml centrifuge bottles with 7024g (JA-10) for 20 
minutes at 4°C. The precipitate collected from the centrifuge bottle was transferred 
to a 50ml falcon tube for the following washing steps. 
“ The precipitate (crude TDF) was then washed sequentially with 20 ml 78% ethanol 
for three times, 10 ml 95% ethanol twice and finally rinsed the residue with 10 ml 
acetone twice. After the washing steps, the falcon tube for the blank and those 
contained the fiber residue were dried overnight in a 60°C air-oven before cooled in a 
desiccator and weighed to the nearest O.lmg. The residue of sample obtained was 
used for the determination of its protein and ash content by the procedures shown in 
section 3.2.2.2 and 3.2.2.3 respectively for correction purposes. 
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The weight of TDF was calculated as follows: 
Crude TDF (g) 
=(Residue (g) + Falcon (g)) - (Falcon (g)) (3.5) 
% Total dietary fiber (TDF) 
=[(precipitate (g) - residual protein (g) - residual ash (g) - reagent blank (g))/ 
sample weight (g)] x 100% (3.6) 
3.2.2.5 Moisture content 
The moisture content was determined with an infrared drying method. An infrared 
dryer (LJ16, Mettler-Toledo, Switzerland) connected to a printer (LC-P45, 
Mettler-Toledo, Switzerland) with a temperature set at 120°C. About 3 grams ground 
mushroom sample were weighed accurately and distributed evenly in aluminum pan 
on the balance of the infrared dryer. The heating process was started and the result 
was printed out every 1 minute in terms of % moisture. The experiment was stopped 
when two identical results appeared consequently and the % moisture was obtained 
directly from the data listed on the printout. 
3.2.3 S a m p l e e x t r a c t i o n 
Powdered mushroom sample were extracted with absolute methanol followed by 
water extraction. The extraction procedure was the same in section 2.2.2. 
3.2.4 T o t a l p h e n o l i c c o n t e n t 
The total phenolic contents of the crude extracts from four edible mushrooms were 
determined by a new enzymatic method with some modifications (Stevanato et al., 
2004). The conditions of the method on mushroom crude extracts were optimized in 
the previous section in Chapter 2. In brief, 3ml of 30mM 4-aminophenazone (Sigma), 
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3ml of 20mM hydrogen peroxide, and 1.5ml of 66|iM horseradish peroxidase (P2088) 
(Sigma), which were all freshly prepared with O.IM potassium buffer solution (pH 
8.0), were mixed thoroughly and diluted to a total volume of 30ml with the same 
buffer solution to form the reagent solution. They were mixed just before the 
experiment as the peroxidase was very sensitive and would loss its function after a 
couple of hours. The experiment was carried out in a 96-well microplate. To each 
well, 225|j.l reagent solution and 25jil mushroom sample or phenolic standards or 
blank (methanol or water) were added. The plate was then incubated at 37�C and 
readings were taken at 500 nm at 15 minutes using a UV-visible microplate kinetics 
reader (SPECTRA max 250, Gene, US) with reagent as blank. Mushroom sample 
extracts of four different concentrations (10, 7.5，5 and 2.5mg/ml) were investigated. 
Each concentration of crude extracts, phenolic standards, and blank was done in 
triplicate. The concentrations of total phenolic content, expressed as catechin 
equivalent (CE), were quantified by a calibration curve plotted against known 
concentrations of catechin (Sigma). 
* 3.2.5 E v a l u a t i o n o f a n t i o x i d a n t a c t i v i t y 
3.2.5.1 ABTS radical cation scavenging activity 
The scavenging activity of ABTS radical cation of mushroom crude extracts was 
evaluated by an improved method (Re et al., 1999). In brief, 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was dissolved in 10 ml of 
distilled water to a concentration of 7mM. ABTS radical cation (ABTS +) was 
produced by reacting the prepared ABTS solution with 176 pi of 2.45mM potassium 
persulfate (final concentration), and the mixture was allowed to stand in the dark at 
room temperature for 12-16 hour before use. This stock solution was then diluted 
with 95% ethanol until the absorbance fell within the range of 0.700 士 0.020 at 
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734nm. An aliquot of lOjil of mushroom extracts with various concentrations (10, 
7.5, 5, 2.5mg/ml) or Trolox standards (0-2.5mM) dissolved in ethanol was added to 
1ml of the reagent solution. The absorbance reading was taken at exactly 6 minutes 
after addition by a UV-vis spectrophotometer (GenesysS, Spectronic Instruments, 
USA). The percentage of inhibition was measured by absorbance at 734nm and was 
calculated according to equation 3.7: 
Percentage inhibition =[l-(Ab734 in the presence of sample/Ab734 of control)] x 100% 
(3.7) 
where Ab734 is the absorbance measured at 734nni 
The 50% percentage inhibition (IC50), which represents the concentration of the 
antioxidant having 50% inhibition of ABTS radical cation, was plotted as a function 
of concentration of mushroom extracts and that of Trolox which acts as the standard 
reference. The antioxidant activity of mushroom samples was expressed as Trolox 
equilvalent antioxidant capacity (TEAC) which represented the concentration (mM) 
of Trolox, having the same activity as 1 mg of dried sample. 
3.2.5.2 DPPH radical scavenging capacity 
The scavenging activity of mushroom crude extracts on DPPH radicals was 
examined according to a previous method (Chu et al., 2000) with some modifications. 
An aliquot of 1 ml of O.lmM DPPH radicals in methanol was added to a test tube 
containing 1ml of methanol or water mushroom crude extract of different 
concentrations (0.75-6 mg/ml). Methanol or water was added instead of mushroom 
extracts as a negative control. The reaction mixture was mixed thoroughly and 
allowed to stand in the dark for 30 minutes. The absorbance readings were then 
detehnined by measuring at 517nm with a UV-vis spectrophotometer (GenesysS, 
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Spectronic Instruments, USA). TBHQ (1.5 mg/ml) was used as the positive control. 
The inhibition percentage on DPPH radicals was calculated by equation 3.8. 
Percentage inhibition = [l-(Ab5i7 in the presence of sample/Absn control)] x 100% 
(3.8) 
Where Absn is the absorbance measured at 517nm 
3.2.5.3 Ferric Reducing Antioxidant Power (FRAP) assay 
The FRAP assay was based on the method described by Huang (2005) with some 
modifications. This assay evaluates the ability of an antioxidant to reduce Fe(III) ions 
to Fe(II) ions, which further react with 2,4,6-tripyridyl-s-triazine (TPTZ) to form 
intense blue-coloured complex. Acetate buffer (300 mM) was prepared by mixing 3.1 
g of sodium acetate (Sigma) and 16ml of ethanoic acid (Riedel-de Haen) and then 
made up to 1-litre buffer solution with pH 3.6. A TPTZ (Sigma) solution (10 mM) 
was dissolved in 40 mM hydrochloric acid and 20mM iron(III)chloride (FeCl3.6H20) 
(Unilab) in distilled water were prepared. The working FRAP reagent was prepared 
freshly by mixing these 3 solutions in a ratio of 10:1:1 (v/v/v), respectively. Then the 
„ working reagent was mixed with an equal volume of double distilled water and was 
pre-warmed to 37�C. An aliquot of 600)j,l of the solution was then added to a curvette 
and the initial absorbance was taken at 593nm for each curvette as reagent blank. Ten 
microliters of mushroom extracts with a concentration range of 0.75-6 mg/ml, 
standard [Fe(II)] or water used as control was then added to the solution and the 
absorbance readings were monitored immediately using a UV-Vis spectrophotometer 
(Genesys5, Spectronic Instruments, USA) and 8-min readings were selected for 
calculation of FRAP values. Standard aqueous solutions of known iron (II) 
concentration (FeS04.7H20), in the range of 100-5000 j_iM were used for calibration. 
Each concentration of each sample extract was analyzed in triplicate. The change in 106
absorbance between the min (Abgmin) and its reagent blank ( A b o m i n ) reading was 
used to calculate the FRAP values using the calibration curve obtained by 
extrapolating the absorbance of known concentration of Fe(II). The FRAP value ()j.M 
Fe(II)Equivalent/mg) represents the concentration (jiM) of Fe(II) reduced by the 
mushroom sample (in mg) forming the same amount of Fe(II)TPTZ complex by 
Fe(II) standard, thus reflecting the reducing power of the mushroom sample. 
3.2.5.4 y3 -carotene bleaching assay 
P-carotene bleaching method is commonly used to evaluate the hydrogen-donating 
ability of an antioxidant to prevent or diminish the de-coloration of p-carotene by the 
peroxyl racials generated during the oxidation of linoleic acid at elevated temperature. 
The method used in this study was adapted from Kim et al. (2006) with some 
modifications. In this method, the traditional incubation approach was modified to a 
96-well microplate reader. Tween 80 (Sigma) (0.2ml) and linoleic acid (Sigma) 
(251^1) were added to two 600ml beakers. P-carotene (Sigma) (5.0mg) was dissolved 
in 25ml chloroform and an aliquot of 2.0ml of the (0.2mg/ml) solution was added to 
one of the 600ml beakers. The one without p-carotene solution was known as reagent 
blank. Chloroform in the first beaker was completely removed by flushing with 
nitrogen. 100ml oxygenated ultrapure water obtained by stirring water for at least 2 
hours at room temperature was added to the two beakers. They were shaken 
vigorously until all the dry residues dissolved. This working mixture was prepared 
freshly and used immediately. To each well, 35jil of mushroom extract or standard 
solution or water, was added first, followed by 250|il of reagent mixture. The 
mushroom extract was prepared with the range of 2.5-10 mg/ml and TBHQ 
(1.5mg/ml) was used as standard. An aliquot of 285|il reagent blank in the second 
beaker was also added to the well. All the extracts and standard solution were 
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evaluated in triplicate. The plate was incubated at 45''C. Readings were taken at 490 
run, immediately after and every 15 minutes, for 300 min, using a UV-Vis microplate 
kinetics reader (SPECTRA max 250, Gene, US) against a reagent blank. The net 
absorbance, which was subtracted by the reagent blank, was used for calculation of 
the antioxidant activity of the extracts. The antioxidant activity (% inhibition) was 
calculated by the equation (2.9): 
Antioxidant activity (%) = [Abs(sample)3oomin - Abs(control)3oomin]/ 
[Abs(sample)initiai - Abs(control)3oomin] x 100% (3.9) 
3.2.5.5 Hydroxyl radical scavenging assay 
The scavenging activity of hydroxyl radical of the mushroom crude extracts was 
measured by the deoxyribose method (Halliwell et al., 1987) with some 
modifications. An aliquot of 100|al of mushroom sample or control or standard 
(DMSO) was mixed with 690)^1 2.5mM 2-deoxy-D-ribose (Sigma) in 0.2M 
phosphate buffer at pH 7.4. After an equal volume of 2.0mM iron (III) chloride 
(Unilab) in deaerated water was mixed with 2.08mM ethylenediaminetetra-acetic 
. acid (EDTA) (Fluka) in 0.2M PBS, lOO i^l of the mixture was added to the sample 
mixture. Then lOOjil of l.OmM L(+)-ascorbic acid (Sigma) and 10|_il hydrogen 
peroxide (GPR) in deaerated water were added to the sample followed by 10-minute 
incubation at a 37°C waterbath. Afterwards, 1.0ml of cold trichloroacetic acid (2.8% 
w/v) (Sigma) was added to the mixture followed by 0.5ml 1% thiobarbituric acid 
(Sigma). After 8-minute incubation at 100�C，the absorbance of the mixture, after 
quick cooling to room temperature with ice, was measured at 532nm using a 
spectrophotometer (Genesys5, Spectronic Instruments, USA) with water as blank. In 
these tests, all samples were assessed in triplicate and both the methanol and water 
mushroom crude extracts were dissolved in distilled water with concentration ranged 
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from 2.5-lOmg/ml. Equal volume of water and dimethoxysulphoxide (DMSO) 
(Sigma) was used as the control and standard, respectively. Hydroxyl radical 
scavenging activity (%) was calculated by the following equation (3.10): 
Hydroxyl radical scavenging activity (%) 
=[1 - ( A b 5 3 2 of sample/ Ab532 of control)] x 100% (3.10) 
where Ab532 was the absorbance at 532nm. 
3.2.6 Stat is t i ca l ana lys i s 
The total phenolic content and the different antioxidant activities (ABTS radical 
cation scavenging activity, DPPH radical scavenging activity, Ferric Reducing 
Antioxidant Power assay, P-carotene bleaching method and hydroxyl radical 
scavenging activity) of the methanol and water crude extracts of four mushrooms 
were expressed as mean 土 standard deviation. For the comparison of total phenolic 
content and antioxidant activity between the same crude extract of different 
mushrooms, the mean value of data was analyzed by one way analysis of variance 
(One-Way ANOVA) and Tukey's multiple means comparison test (Tukey) to detect 
significant difference (/7<0.05) between them. For comparison of total phenolic 
»» 
content and antioxidant activity between the two crude extracts of same mushrooms, 
Student's /-test was carried out to detect any significant differences (/?<0.05). 
Correlations between different antioxidant activities (ABTS radical cation 
scavenging activity, DPPH radical scavenging activity, Ferric Reducing Antioxidant 
Power assay, P-carotene bleaching method and hydroxyl radical scavenging activity) 
and the concentration of mushroom crude extracts were analyzed by Pearson 
correlation coefficient in bivariate correlations. In addition, the correlations between 
the antioxidant activities mentioned above and total phenolic content were also found 
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by Pearson correlation coefficient in bivariate correlations. All the statistical analyses 
were done by the Statistical Package for Social Sciences (SPSS 13.0, 2005). 
3.3 Results and Discussion 
3.3.1 P r o x i m a t e ana lys is 
The results of the proximate analysis of the four edible mushrooms are shown in 
table 3.1. The results were in agreement with previous findings that edible 
mushrooms contain 2-8% fat (Mallavadhani et al., 2006), 10-40% digestible protein 
(Manzi et a l , 2001)，3-35% dietary fibre (Manzi et al , 2001) on dry weight basis. 
Being the major component of Aa and Le, the total dietary fiber (TDF) content in Aa 
(31.41%) and Le (33.35%) were higher than both Vv (23.28%) and Ab (23.12%), in 
which TDF ranked third among all the nutrient components. The TDF content of Aa 
and Ab obtained in this study was consistent with previous study (33.10% and 
18.20%) (Ng, 2005; Cheung, 1997). 
All four mushrooms contained over 20% crude protein. Protein ranked second within 
- a l l nutrient contents for both Vv (26.41%) and Ab (26.83%), while ranked third for 
Aa (21.62%) and Le (20.55%). The crude protein content of Aa, Le and Ab measured 
in this study was generally in agreement with previous findings (21.62%, 15.19% 
and 26.80%), respectively (Ng, 2005; Manzi et al., 1999; Cheung, 1997). 
All four mushrooms contained less than 3% fat on dry weight basis. Aa contained the 
largest amount of inorganic ash (10.72%), followed by Ab (5.12%), Vv (4.32%) and 
Le (2.33%). Even after freeze-drying, both Aa and Vv contained about 9% moisture 
content, while Le and Ab contained only 6.90% and 5.70%, respectively. 
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Table 3.1: Proximate analysis of the four edible mushrooms after freeze-drying ® 
Aa Vv Le Ab 
Total dietary fiber 31.41% 23.28% 33.35% 23.12% 
Protein content 21.62% 26.41% 20.55% 26.83% 
Fat content 2.83% 1.84% 2.16% 2.57% 
Ash 10.72% 4.32% 2.33% 5.12% 
Moisture 9.20% 9.10% 6.90% 5.70% 
Carbohydrate 24.22% 35.05% 34.71% 36.66% 
(by difference) 
a Values are the averages of duplicate measurement 
3.3.2 T o t a l p h e n o l i c c o n t e n t 
Total phenolic content of mushroom extracts was quantified by an enzymatic method 
previously used for the determination of phenolic content in wine and tea (Stevanato 
et al., 2004) and the experimental procedures had been optimized in Chapter 2. 
Owing to the high specificity of this enzymatic method, it is better than the 
traditional FC method in which common interferences such as vitamin C and 
saccharides would affect the results. 
Figure 3.5 shows the total phenolic content, expressed in Catechin Equivalent (CE), 
of the methanol and water crude extracts of the four edible mushrooms. For methanol 
crude extract, Ab which contained the largest amount of phenolic compounds 
(21.75士 1.80 \ig CE/mg), was significantly higher than Vv (18.54士3.46 ng CE/mg) 
and Le (3.88士 1.03 \ig CE/mg) (p<0.05). Phenolic content of Aa (20.44士 1.16 ng 
CE/mg) which ranked second in the mushroom methanol crude extract was 
significantly (p<0.05) higher than Le but was not significantly different from that of 
Ab and Vv (p>0.05). For water crude extract, Aa contained the largest (p<0.05) 
amount of phenolic compounds (10.47士0.71 CE/mg), followed by Vv (8.77士0.73 
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I^ g CE/mg), Ab (6.75士0.62 CE/mg) and Le (4.59士0.53 |ig CE/mg). 
All the methanol extracts except that of Le had significantly (p<0.001) larger amount 
of phenolic content than their aqueous counterparts (Fig. 3.1). For example, Ab 
contained the largest amount of phenolic compounds in its methanol crude extract, 
while its water crude extract had only one-third of the amount of phenolic 
compounds. This result showed that the majority of phenolic compounds in Aa, Vv 
and Ab was probably non-polar in nature, while Le had similar levels of polar and 
nonpolar phenolic compounds. 
After summing up the phenolic content in the two crude extracts, it was found that 
the total phenolic content of Aa (30.91 士 1.86 i^g CE/mg) was the highest (p<0.05) 
amongst the four edible mushrooms (Fig. 3.1). Despite having the highest phenolic 
content in its methanol crude extract, Ab (28.50士2.42 i^g CE/mg) and Vv 
(27.32±4.19|ig CE/mg) had similar total phenolic content due to low phenolic 
content in their water extract. The total phenolic content of Le (8.48士 1.56|j_g CE/mg) 
- was significantly lower than the other three mushrooms (p<0.05). 
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Figure 3.5: Total phenolic content (CE) of the total, methanol and water crude 
extracts of four edible mushrooms. Values are mean 士 standard deviation (n=9). 
Values with different superscripts (a，b，c)/(m，n，o)/(w,x，y,z) across the crude extracts 
of each mushroom are significantly different at p<0.05 (One-way ANOVA, Tukey's 
multiple comparison). ‘•，indicate significant difference between the two crude 
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Figure 3.6: The ABTS radical cation scavenging activity (TEAC) of the methanol 
and water crude extracts of four edible mushrooms. Values are mean 士 standard 
deviation (n=12). Values with different superscripts (a,b,c,d)/(x,y,z) are significantly 
different at p<0.05 (One-way ANOVA, Tukey's multiple comparison). ‘ • ’ indicates 
significant difference between the two crude extracts (/?<0.05) by Student's t-test. 
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3.3.3 A n t i o x i d a n t act iv i t ies 
3.3.3.1 ABTS radical cation scavenging activity 
This assay evaluates the ability of an antioxidant to reduce the pre-formed ABTS 
radical cation to ABTS^" (decolourization of the blue/green chomophore) as a result 
of scavenging and chain-breaking effect of the antioxidant on the radical (Leong and 
Shui, 2002). Due to its operational simplicity and high sensitivity, this assay has been 
adopted by many research laboratories for studying antioxidant capacity of a wide 
variety of food samples (Huang, 2005). 
Figure 3.6 shows the scavenging activity of ABTS radical cation of the methanol and 
water crude extract in terms of TEAC, representing mM Trolox having the same 
scavenging ability of 1 mg of dried sample. So a higher TEAC value indicates a 
greater scavenging activity of ABTS radical cation. For mushroom methanol crude 
extract, the TEAC value of Ab (13.44 士 1.87 mM TEAC/mg) was significantly higher 
than the others, followed by Aa (9.13士 1.04 mM TEAC/mg), Fv (7.68土0.64 mM 
TEAC/mg) and Le (5.11士1.34 mM TEAC/mg) (p<0.05). For mushroom water crude 
“ extract, the TEAC value of Aa (5.36土 1.02 mM TEAC/mg) that was the highest 
amongst all other water extracts was significantly higher than Ab (4.25士0.74 mM 
TEAC/mg) and Le (2.83士0.75 mM TEAC/mg) (p<0.05). The methanol extracts of all 
mushrooms had significantly higher ABTS scavenging activity than their water 
extracts (/7<0.001), indicating that the methanol extracts were more potent to 
scavenge free radicals by chain-breaking. 
Inhibition percentage (IC50), which represents the concentration (mg/ml) of sample 
having 50% inhibition effect, is another parameter to evaluate the scavenging ability 
on ABTS radical cation. Thus a lower I C 5 0 indicates a higher scavenging activity. 
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Table 3.2 shows the inhibition percentage (IC50) and Correlation coefficient (R^) on 
ABTS radical cation of methanol and water crude extracts of mushrooms. It was 
found that the methanol extract of Ab possessed excellent IC50 (< 10 mg/ml), 
followed by Aa, Vv and Le. The water extracts of all mushrooms possessed higher 
IC50 than their methanol counterparts. High dose-dependent responses (R^~0.98) 
were found in all mushroom methanol and water crude extracts with the scavenging 
ability on ABTS radical cation (Table 3.1). 
Table 3.2: The 50% inhibition percentage (mg/ml) (IC50) and Pearson correlation (R^) 
on ABTS radical cation scavenging activity of the methanol and water crude extracts 
of four edible mushrooms 
Mushroom Methanol Water 
IC50 Correlation IC50 Correlation 
Coefficient (R2) Coefficient (R^) 
Aa 11.9 0.996 18.97 0.832 
Vv 12.5 0.983 17.92 0.979 
Le 29.8 0.984 50.39 0.997 
Ab ^ 0.999 29.87 0.994 
. 3.3.3.2 DPPH radical scavenging capacity 
The scavenging activity of 2,2-Diphenyl-l-picrylhydrazyl radical (DPPH) has been 
widely used in screening purposes due to its simplicity in operations. It is based on 
the ability of an antioxidant to reduce the DPPH radical to its colourless form, 
resulting in a decrease in absorbance. The percentage of the remaining DPPH (or 
scavenging activity %) is often used to evaluate the scavenging activity of an 
antioxidant. This assay has been extensively used for screening mushroom 
antioxidants in many publications (Cheung et al., 2003; Cui et al., 2005; Ferreira et 
al., 2006; Fu & Shieh, 2001; Lee & Jang，2004; Mau et al., 2001; Mau et al., 2002; 
Mau et al., 2004; Mau et al., 2005; Tsai et al., 2006; Yang et al., 2002). 
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Figure 3.7 shows the scavenging activity of DPPH radical of mushroom methanol 
extracts with different concentrations. Generally, the scavenging activity increased 
with the concentrations of mushroom methanol crude extracts. However, 
dose-dependent responses for all mushrooms except Le could only be observed at 
low concentrations of the mushroom methanol crude extracts probably because the 
absorbance became "saturated" at high concentration. Further increase in extract 
concentrations could not provide higher protection against DPPH radical. For 
example, at l.Smg/ml, the scavenging activity of Ab had already leveled off without 
any further significant enhancement with increasing concentrations (p<0.05). Similar 
trend was observed when the concentrations of Aa and Vv methanol extracts 
exceeded 3.Omg/ml. This phenomenon was also found in previous study (Lo, 2003), 
in which the DPPH scavenging activity was 'saturated' for Aa and Pevf (3.0 mg/ml). 
Comparison of the scavenging activity between different mushroom extracts could 
only limit to low concentration. At 1.5 mg/ml, the methanol extract of Ab possessed 
the strongest DPPH scavenging activity (90.72士2.08%), followed by Aa 
(73.42±0.77%), Vv (65.30±4.69%) and Le (23.75±1.72%), respectively. The 
» excellent DPPH scavenging activities of Aa (at 3.0 mg/ml), Vv (at 3.0 mg/ml) and Ab 
(at 1.5 mg/ml) methanol extract were around 90%, which were comparable to 1.5 
mg/ml standard TBHQ (95.42±0.49o/o). The high DPPH scavenging activities of Ab, 
Aa and Vv were also comparable to some ear mushrooms belonged to Auricularia 
species, including Auricularia mesenterica, Auricularia polytricha and Auricularia 
fuscosuccinea, which were proven to be excellent DPPH radical scavengers 
(70-100% at 1 mg/ml) (Mau et al., 2001). 
Figure 3.8 shows the scavenging activity of DPPH radical of mushroom water crude 
extracts with different concentrations. The scavenging activity of all the water crude 
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extracts was generally weaker than that of methanol crude extracts, with only Le (at 6 
mg/ml) possessed a scavenging activity over 80%. Dose-dependent responses were 
good for nearly all water crude extracts, except Aa. At low concentration (1.5 mg/ml), 
the scavenging activity on DPPH of Aa (71.87士2.03%), was significantly higher 
(p<0.05) than the other three mushrooms including Ab (49.62±0.60%), Le 
(34.70士I.O80/0) and Vv (31.34±1.12%). The scavenging activities of the water crude 
extracts of Le and Vv were not significantly different from each other (p>0.05). 
However, at high concentration (6.0 mg/ml), the scavenging activity on DPPH of Le 
(81.85±1.27%) was the highest (p<0.05) followed by Ab (74.72±1.53%); Aa (65.19± 
1.76%) and Fv (65.71 士2.10%) were the lowest and with significant difference 
between each other (p>0.05). 
EC50, defined as the effective concentration that provides 50% DPPH scavenging 
activity, is another indicator of the scavenging ability on DPPH radicals. Thus a 
lower EC50 indicates a higher scavenging activity. Table 3.3 shows the EC50 of 
methanol and water crude extracts of the four mushrooms. The methanol crude 
“extracts of Aa and Ab as well as the crude water extract of Aa possessed very low 
EC50 value (< 1 mg/ml), indicating that these fractions were excellent in scavenging 
of DPPH radicals. The increasing trend in the EC50 value of methanol extracts from 
Ab (<0.75)，Fv (0.917) and Le (3.977) was in agreement with the literature value 
(Lee & Jang，2004), in which 75% ethanol was used to extract the three mushrooms. 
The low EC50 value of the water extract from Aa (<0.75mg/ml) was comparable to 
that of Agrocybe cylindracea (0.62 mg/ml) (Tsai et al.，2006), suggesting that 
antioxidant activity of edible mushrooms was species-related. 
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Figure 3.7: The scavenging activity of DPPH radical of the methanol crude extracts 
of the four edible mushrooms at different concentrations. Data points are mean 士 
standard deviation (n=3). Data points with different superscripts (a,b，c) within the 
same concentration are significantly different at p<0.05 (One-way ANOVA, Tukey's 
multiple comparison) 
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Figure 3.8: The scavenging activity of DPPH radical of water extracts of the four 
edible mushrooms at different concentrations. Data points are mean 土 standard 
deviation (n=3). Values with different superscripts (a,b，c) within the same 
concentration are not significantly different at /7<0.05 (One-way ANOVA, Tukey's 
multiple comparison) ' 
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Table 3.3: The effective concentration (EC50) of DPPH radical for methanol and 
water crude extracts of mushrooms 
Extracts EC5o*(mg/ml) 
^ Vv Le Ab 
Methanol 0.917 1.092 3.977 <0.75# 
Water <0.7 1.635 
* 50% effective concentration (EC50) which represented the concentration of sample 
having 50% of DPPH radical scavenging effect. # ECsoO.75 indicates that the lowest 
concentration (0.75mg/ml) used in the assay had over 50% scavenging activity. 
Despite operational simplicity, the applications of DPPH assay were limited due to 
various disadvantages. DPPH is a long-lived nitrogen radical, which is not similar to 
the actual situation in free radical mechanism and lipid peroxidation (Huang, 2005). 
It is too sensitive to antioxidant compounds and mushroom samples tested with this 
assay had over 90% scavenging activity even at low concentrations. This 
phenomenon was also observed in other reports when evaluating different 
mushrooms (Mau et al., 2001). It would be rather difficult to decide which 
concentration should be used to compare the antioxidant activities of the different 
samples. Using EC50 could be a better approach, provided that an excellent 
^ dose-dependent curve was established between concentrations of sample and its 
scavenging effect. The colour of samples, especially those with red or purple colour, 
would interfere with the measurement of the remaining DPPH radical (purple colour), 
causing a poor dose-dependent curve and affecting the accuracy to estimate the EC50 
value. The application of this assay was mainly for screening purpose (Katalinic et 
a l , 2004) as used in the present study. This assay was used in the study of thermal 
processing on mushroom antioxidants (Chapter 4). 
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3.3.4.3 Ferric Reducing Antioxidant Power (FRAP) assay 
The FRAP assay evaluates the ability of an antioxidant to reduce a ferric salt to a 
ferrous salt, which gives an intense blue colour during the formation of a complex 
with TPTZ in an acidic medium. 
Figure 3.9 shows the FRAP value, which is expressed by mM Fe(II)E per mg dried 
sample, of the methanol and water crude extracts of four edible mushrooms. For the 
methanol crude extract, Ab possessed the strongest reducing power (16.5士 1.88 mM 
Fe(II)E/mg), which was about 2.5 times that of Vv (6.29±1.06 mM Fe(II)E/mg)，4 
times that oi Aa (4.54土 1.38 mM Fe(II)E/mg) and 8 times that of Le (1.75土0.63 mM 
Fe(II)E/mg). Although the FRAP value of Fv was higher than that of Aa, no 
significant difference was found between them (p>0.05). The FRAP value of Le was 
significantly lower than the others (p<0.05). For the water crude extract, the FRAP 
value of Aa (4.68土0.60 mM Fe(II)E/mg) was significantly higher (/7<0.05) than the 
\ 
other three mushrooms, while there was no significant difference between the other 
three (p>0.05). _ 
The reducing powers of the methanol and water crude extracts were similar for Aa 
and Le\ however, the methanol crude extracts of Fv and Ab possessed significantly 
higher reducing power than their aqueous counterparts (p<0.05). The similar FRAP 
value between methanol and water crude extracts of Aa indicated that the 
water-soluble antioxidants in the water crude extract of Aa had effective reducing 
power even its phenolic content was low (3.3.2). Such similarity was also found in 
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Figure 3.9: The FRAP value [mM Fe(II)E/mg] of the methanol and water crude 
extracts of four edible mushrooms. Values are mean 土 standard deviation (n=12). 
Values with different superscripts (a,b,c，)/(x，y) are significantly different at p<0.05 
(One-way ANOVA, Tukey's multiple comparsion). ‘ 今 ’ indicate significant 
difference (p<0.05) between the two crude extracts (Student's t-test). 
3.3.4.4 -carotene bleaching method 
This assay is based on bleaching of ^ -carotene, by the peroxyl radicals generated 
during the oxidation of linoleic acid at elevated temperature, is prevented or 
„ diminished by antioxidants that donate hydrogen atoms to quench radicals (Prior et 
al., 2005). A higher inhibition percentage indicates a higher hydrogen-donating 
ability to quench lipid peroxides and lipoxyl radicals. 
In table 3.4, the inhibition percentage (at 300 min) of mushroom methanol and water 
crude extracts with different concentrations against ^ -carotene bleaching is shown. 
For the methanol crude extract, Aa had the strongest inhibition percentage (>75%) at 
all of the three concentrations, and its inhibition percentage was significant higher 
(p<0.05) than those of Vv and Le at all concentrations. Ab ranked second in the 
inhibition percentage at all of the three concentrations, although there was no 
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significant difference between the inhibition percentage of Aa and Ab at any of the 
three concentrations (p>0.05). At the concentration of lOmg/ml, Le possessed 
slightly stronger inhibition percentage than Vv; but at the concentration of 2.5mg/ml, 
Vv had slightly stronger inhibition percentage than Le. Similar to Aa and Ab, there 
was no significant difference (p>0.05) between Vv and Le at any of the three 
concentrations. Similar trend was observed for the mushroom water crude extracts. 
The water crude extracts of Aa and Ab, with no significant difference between them 
at all concentrations, had significant higher (p<0.05) inhibition percentage than the 
other two mushrooms at all concentrations, except at lOmg/ml. Although the 
inhibition percentage of Vv was higher than that of Le, there was no significant 
difference between them (p>0.05). These results demonstrated that Aa and Ab 
possessed stronger hydrogen-donating ability and radical quenching ability both in 
their methanol and water crude extracts. The inhibition percentage of Aa 
(86.1 土2.310/0) at the concentration of lOmg/ml was in agreement with our previous 
findings (83.1±5.55%) at the same concentration (Lo, 2003). 
There was no significant difference between the inhibition percentage of methanol 
crude extracts and water crude extracts at all concentrations of the individual 
mushrooms, except that the water crude extract of Le was significant higher (p<0.05) 
than its methanol crude extract. Strong dose-dependent responses (R^>0.85) between 
the concentration of mushroom extracts and the inhibition percentage were found in 
both methanol and water crude extracts of all mushrooms, indicating mushroom 
extracts were sensitive to this assay. The similarity in inhibition percentage between 
methanol and water crude extracts was seldom found in other assays, in which 
stronger antioxidant activity was always found in the methanol crude extracts. The 
fact that water crude extracts generally demonstrated comparable inhibitory effect to 
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their non-polar counterparts in this assay might be because the water-soluble 
antioxidants in water extract dissolve better and provide better protection in the 
aqueous environment throughout the experiments. Although none of the crude 
extracts possessed comparable inhibition percentage with TBHQ (95.9士 1.70%), 
moderate-to-high inhibition percentages (48.7土 1.31% to 86.1 士2.31o/o) were observed 
for all crude extracts even after incubation for 300 minutes at elevated temperature 
(50°C), suggesting the high thermal stability of mushroom antioxidants. Generally, 
both methanol and water crude extracts of Aa and Ab showed the strongest inhibition 
percentage in /3 -carotene bleaching method, implying their stronger 
hydrogen-donating and lipoxyl radical quenching abilities. 
Table 3.4: The inhibition percentage (%) of methanol and water crude extracts with 
different concentrations measured by /3 -carotene bleaching method at 300 minute 
Mushroom Concentration of mushroom extracts (mg/ml) Correlation 
10 5 ^ coefficient (R2) 
Methanol 
Aa 86.1 士 2.31 a 77.8 土 1/78 a 75.7 士 2.23 a 0.980 
Vv 71.0 士 5.99 b 63.1 士 3.89b 53.3 士 3.72be 0.938 
Le 74.4 士 6.15 b 65.4 士 4.13 b 48.7 士 1.31' 0.875 
- Ab 80.2 士 4.51 ab 75.3 士 3.48a 65.1 士 8.72ab 0.855 
Water 
Aa 84.1 士 3.12 a 77.6 士 1.89a 75.3 士 2.73 a 0.994 
Vv 76.7 士 4 . 2 r b 64.2 土 6.11b 57.2 士 4.32 b 0.999 
Le 67.6 士 6.03 b 61.2 士 2.03 b 57.1 士 3 . l ib 0.996 
Ab 80.1 士 3.22a 76.5 ± 1.76' 74.2 士 2.45 a 0.996 
TBHQ 95.9 士 1.70 d --
(1.5 mg/ml) 
Values are mean 士 standard deviation (n=3). Values with different superscripts 
(a,b，c,d) within the same concentration are significantly different at p<0.05 
(One-way ANOVA, Tukey's multiple comparison) 
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3.3.4.5 Hydroxyl radical scavenging assay 
As mentioned in chapter 1，hydroxyl radical is the most active radical which can 
attack many macromolecules such as DNA and proteins, resulting in gene mutation 
and increased risk in degenerative diseases. Therefore, evaluation of the scavenging 
activity of hydroxyl radical is essential in the determination of the antioxidant 
activity of a dietary antioxidant. In this assay, hydroxyl radicals, generated by 
reaction of an iron-EDTA complex with hydrogen peroxide in the presence of 
ascorbic acid, would attack deoxyribose to form products that yields a pink 
chromogen, upon heating with TBA at low pH (Halliweli et a l , 1987). Hydroxyl 
radical scavengers react with hydroxyl radicals prior to their attack to deoxyribose • 
and diminish the chromogen formation. An antioxidant that reduces the absorbance 
in the reaction mixture indicates that it is a strong hydroxyl radical scavenger. 
Figure 3.10 shows the scavenging activity of hydroxyl radical of the methanol crude 
extracts from the four mushrooms. Ab possessed the strongest hydroxyl radical 
scavenging activity, ranging from 33.3±1.69% to 53.6土 1.23% at concentrations from 
. 2 . 5 to 10 mg/ml, followed by Aa (30.3±1.00% to 46.3士2.30%)，Vv (22.4±1.57% to 
40.3士 1.21%) and Le (13.3士3.03% to 33.7士2.40%). At the concentration of lOmg/ml, 
the scavenging activity of hydroxyl radical of Ab was significantly higher (p<0.05) 
than the activities of the other three mushrooms; while at the concentration of 2.5 and 
5mg/ml, there was no significant between Ab and Aa but these two mushrooms 
possessed significant stronger hydroxyl radical scavenging activity than the other 
two (p<0.05). The methanol crude extract of Ab showed comparable hydroxyl radical 
scavenging activity with the aqueous extract of green leafy vegetables such as white 
cabbage (60%) (Racchi et al., 2002) and spinach (63.35%) which are well-known 
sources of antioxidants especially flavonoids (Chu et al., 2000). In addition, strong 
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dose-dependent responses were found in all of the mushroom extracts, with the 
correlation coefficient ranging from 0.970-0.996. 
Figure 3.11 shows the scavenging activity of hydroxyl radical of the water crude 
extracts from the four mushrooms. Vv possessed the strongest hydroxyl radical 
scavenging activity, ranging from 32.2±0.93% to 44.93士 1.01% at concentrations 
from 2.5 to 10 mg/ml, followed by Aa (25.9±1.50% to 41.6±1.67%), Ab 
(25.5土2.89% to 43.3士 1.61%) and Le (14.9士3.50% to 34.9土 1.59%). At the 
concentration of lOmg/ml, the scavenging activity of Vv, Ab and Aa was not 
significantly different from each other (p>0.05); while at the concentration of 2.5 and 
5mg/ml, the scavenging activity of Vv was significant higher than that of Ab (p<0.05). 
Although the scavenging activity of Aa was lower than that of Vv at all 
concentrations, no significant difference was found (/7<0.05). The scavenging activity 
of Le was significantly lower (p<0.05) than the other mushrooms at all 
concentrations. In addition, strong dose-dependent responses were found in all of the 
mushroom extracts, with the correlation coefficient ranging from 0.978-0.999. 
Comparing the scavenging activity of the methanol extract and water crude extract of 
the same mushroom, the polar fraction of Vv possessed significantly stronger 
hydroxyl radical scavenging effect than its non-polar counterpart (p<0.05) at all 
concentrations. This result was in agreement with a previous finding that EC50 
(1.71 mg/ml) of the water extract of Vv was lower than that (2.07mg/ml) of its 
non-polar fraction (Lee & Jang, 2004). On the contrary, the non-polar fractions of Aa 
and Ab had significantly stronger activity than its polar counterparts (p<0.05) at all 
concentrations, except Aa at 5mg/ml. There was no significant difference in 
scavenging activity between the two extracts of Le (p<0.05). 
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Figure 3.10: The scavenging activity (%) of hydroxyl radical of the methanol crude 
extracts of four edible mushrooms. Data points are mean 士 standard deviation (n=3). 
Data points with "different superscripts (a,b,c) within the same concentration are 
significantly different by p<0.05 (One-way ANOVA, Tukey's multiple comparison). 
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Figure 3.11: The scavenging activity (%) of hydroxyl radical of the water crude 
extracts of four edible mushrooms. Data points are mean 士 standard deviation (n=3). 
Data points with different superscripts (a,b’c) within the same concentration are not 
significantly different by /><0.05 (One-way ANOVA, Tukey's multiple comparison). 
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3.4 C o r r e l a t i o n be tween a n t i o x i d a n t act iv i t ies a n d to ta l p h e n o l i c c o n t e n t 
The antioxidant activities of mushrooms have been proposed to be attributed by their 
phenolic content, and a strong positive correlation between them has been 
extensively reported. In the present study, the phenolic content was determined by a 
new enzymatic method that is more specific to phenolic compounds and is proven to 
be less affected by the general interferences than the commonly used FC method. 
Therefore, the correlation between the phenolic content by this enzymatic method 
and the antioxidant activities should be more reliable and meaningful. This 
correlation were analyzed for total phenolic content with the antioxidant activities 
except FRAP and DPPH assays because the concentration range of the extracts 
(0.75-6 mg/ml) used in these two assays were different to that used in total phenolic 
determination (2.5-10 mg/ml), owing to the optimization of the experimental 
conditions in the enzymatic method. 
The correlations found between the antioxidant activities of the mushroom extracts 
determined by three assays (ABTS, /3 -carotene and hydroxyl radical) and their total 
“phenol ic content were high (Table 3.5). This suggested that mushroom antioxidants 
are attributed to their phenolic contents. ABTS demonstrated the highest correlation 
(R2=0.950)，followed by hydroxyl radical scavenging assay (R^=0.780) and 
-carotene bleaching method (R^=0.549) (p<0.01). Based on these results, it was 
deduced that phenolic compounds present in mushroom extracts were responsible for 
scavenging ABTS radicals, hydroxyl radicals and lipoxyl radicals. Strong positive 
correlations (R^>0.8, /KO.Ol) between total phenolic content and the antioxidant 
activities were found in most of the extracts from four mushrooms, except the 
methanol and water crude extracts of Ab in yS -carotene bleaching method (R^=0.726 
andR2=0.728，;7<0.05). 
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Table 3.5: Pearson's correlation between antioxidant activities determined by ABTS, 
P-carotene and hydroxyl radical scavenging assay and total phenolic content 
r2 * Assays 
ABTS -caro . OH 
Methanol 
Aa 0.991 (p<0.01)** 0.920 (p<0.01) 0.926 (jXO.Ol) 
Vv 0.972 (p<0.01) 0.847 (p<0.01) 0.920 (p<0.0\) 
Le 0.957 (p<0.01) 0.886 (p<0.01) 0.891 (;?<0.01) 
Ab 0 . 9 8 4 ( p < 0 . 0 1 ) 0 . 7 2 6 (p<0.05) 0.920 (p<0.01) 
Water 
Aa 0.990 (p<0.01) 0.906 (p<0.01) 0.942 (p<0.01) 
Fv 0.994 (p<0.01) 0.857 (/7<0.01) 0.958 (p<0.01) 
Le 0.874 (/KO.Ol) 0.828 (/KO.Ol) 0.914 (pKO.Ol) 
Ab 0.953 (/7<0.01) 0.728 (p<0.05) 0.955 (p<0.01) 
Totaf 0.950 (p<0.01) 0.549 0?<0.01) 0.780 (p<0.01) 
* Correlation coefficient (R^) was tested from 2.5-10 mg/ml for all antioxidant assays 
as well as the phenolic content by Pearson's correlation coefficient in bivariate 
correlations (two-tailed) 
** Figures in parenthesis described thep value in the correlation test (two-tailed). 
Total represents the correlation between all mushroom crude extracts and the 
antioxidant activity determined by the particular assay. 
3.5 Summary 
Table 3.6 shows the first and second rankings (indicated by numerals 1 and 2) of the 
mushrooms having the highest total phenolic content (TPC) and antioxidant activities 
in five antioxidant assays. In the enzymatic TPC determination, Catechin Equivalent 
(|j,g CE/mg dried sample) was used for comparison. For ranking in ABTS radical 
cation and DPPH radical scavenging activity, the TEAC value (mM TEAC/mg dried 
sample) and EC50 was used for the selection basis. In the FRAP assay, the Ferrous 
ions Equivalent [Fe(II)E/mg dried sample] was used for comparing of the reducing 
power between different mushroom crude extracts. For -carotene bleaching 
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method and hydroxyl radical scavenging activity, ranking was based on the overall 
activities of all mushroom concentrations. 
For the methanol crude extract, Ab and Aa generally demonstrated the strongest 
antioxdative properties. In particular, Ab possessed the highest antioxidant activities 
in ABTS, DPPH, FRAP and • OH assays as well as contained the largest amount of 
total phenolic compounds; Aa showed the highest inhibition percentage in 
/5 -carotene bleaching assay and ranked second in ABTS, DPPH and • OH assays as 
well as contained the second largest amount of phenolic content. 
For the water crude extract, Aa possessed the highest antioxidant activity in the 
antioxidant assays except • OH assay, and contained the largest amount of total 
phenolic compounds. Vv ranked first in • OH assay and second in TPC content, ABTS 
and FRAP assays. Ab had the second highest scavenging activity in DPPH radical 
and inhibition in /5 -carotene bleaching. 
- D u e to their relative higher antioxidant activity, Ab and Aa were selected for further 
study in the changes of their antioxidant activities after thermal treatment to be 
discussed later in Chapter 4. 
/ 
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Table 3.6: The rankings of relative antioxidant activities determined by five assays 
and relative abundance of total phenolic content of mushroom crude extracts 
M u s h r o o m A s s a y s 
e x t r a c t T P C A B T S D P P H F R A P ff-caro • O H 
M e t h a n o l 
Aa 2 2 2 - 1 2 
- - - - - - ^ ^ —— —— 
Ab 1 1 1 1 2 1 
W a t e r 
Aa 1 1 1 1 1 2 
Vv 2 2 -- 2 ‘ 1 
�J轻 - _ —— —_ —— 
Ab — — 2 — 2 ~ 
‘‘--，，:mushrooms ranked third or below 
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Chapter 4: Effect of thermal processing on mushroom antioxidants 
4.1 Introduction 
In the past decades, mushroom antioxidants have been extensively studied and a 
large variety of mushrooms, including some common and lesser known ones, have 
been found to possess antioxidant activity determined by various in vitro and in vivo 
antioxidant assays (Chapter 1). However, being high in moisture content and 
nutritive values, mushrooms are easily deteriorated due to enzymatic reactions and 
bacterial spoilage during storage. In order to extend the shelf-life, they are subject to 
thermal processing, particularly canning and drying. Application of the best 
post-harvest techniques to enhance the shelf-life and to maintain the quality of 
mushrooms plays a vital role in their commercialization (Gothandapani et al.，1997). 
The effect of various thermal treatments (e.g. blanching, canning, drying, etc.) on the 
antioxidants and phenolics in fruits have been comprehensively investigated and 
summarized in Chapter 1. However, studies on the effect of thermal processing on 
mushrooms are very rare. In the following section, the general operation procedures 
. o f thermal processing on mushrooms (4.1.1) are introduced and previous studies in 
this aspect (4.1.2) are summarized. The effects of canning and drying conditions on 
mushroom antioxidants were investigated in this section. 
4.1.1 G e n e r a l p r o c e d u r e s o f t h e r m a l p r o c e s s i n g o n m u s h r o o m s 
4.1.1.1 Canning 
Canning is one of the most common thermal processing methods in preserving 
mushrooms (Coskuner & Ozdemir, 1997). The general operation procedures of 
mushroom canning are shown in Figure 4.1. 
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Receiving raw materials is the first step of the operations. To avoid colour change, 
freshly harvested mushrooms must be transported quickly to a processing plant for 
heat treatment. All incoming raw materials and ingredients should be either be 
examined for potential hazards or received under a supplier's guarantee. 
Washing is the second step of the operations. The primary objective of washing is to 
separate soil and foreign materials from the mushrooms. In addition, it reduces 
considerably the load of bacteria and spores naturally present in the mushrooms 
which increases the effectiveness of the sterilization process. Washing also improves 
the quality and appearance of the foods. However, prolonged washing and soaking 
also removes some water-soluble nutrients and minerals. Spray-washing and rotary-
washing are some common washing techniques in mushroom processing. 
Sulphitation, which involves immersing the food in a bath or dip of sodium 
metabisulphite dissolved in water, is normally carried out after washing. The main 
purpose of sulphitiation is to inactivate enzymes [e.g. Polyphenoloxidases (PPOs)] 
(Axtell, 2002) and prevent non-enzymatic browning (Arora et al., 2003) in order to 
“ improve the acceptability of the products. 
Blanching is the following step after washing and soaking with sulfite. Blanching is a 
relatively mild thermal treatment with the principal purpose to prevent enzymatic 
browning by PPOs with elevated temperature and short time in an effort to improve 
the stability of food products during storage as well as to facilitate the subsequent 
thermal processing. For example, blanching expels intracellular gases present in the 
mushroom tissues. The release of gases prevents the expansion of cans during 
thermal processing and undesirable flavor development in the finished product. This 
procedure also softens the mushroom tissues for easier filling and higher drained 
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weight (Lin, 1997). Blanching of fresh mushrooms is necessary prior to mushroom 
canning because of the following reasons: the porous structure of fresh mushroom 
which can hold a large amount of gases; the brittle nature of fresh mushroom which 
breaks easily during slicing and filling; and the serious shrinkage problems which 
makes the cans appear to be under-filled (Huang & Lee, 1997). Blanching of 
mushrooms may be carried out either in steam or in boiling water for 2-10 minutes, 
depending on the mushroom species and sizes (Axtell, 2002). 
Sorting and grading are the major steps to ensure the uniformity of the final products. 
These unit operations are mostly applied before or after blanching. Sorting and 
grading are normally done by size or weight with an automatic sieve separator or by 
hands. These steps are essential to ensure that all mushrooms would receive the same 
degree of thermal treatment. Discoloured units should be discarded as waste. 
Filling is the next step of the operation procedures. Filling normally involves filling 
of blanched mushrooms and brine solutions (or broth). C^eful control of the weight 
- o f mushrooms and the volume of brine solution that added to each can is very 
important for technical reasons. The volume of the headspace and the solid-to-liquid 
ratio influence the rate of heat penetration, thus affecting the extent of the heat 
processing treatment. The brine solution basically consists of about 0.5-3% (by 
weight) sodium chloride, sometimes with about 0.1% ascorbic acid, 1% citric acid 
and 1% EDTA added to achieve better colour retention (Ko, 2004). The brine 
solution is either cold-filled or hot-filled (~80-90°C), depending on the method of 
exhaustion. 
Exhaustion is the following step in mushroom canning. The main aim for the 
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exhausting operation is to create an anaerobic environment in the can, which would 
inhibit microbial spoilage and minimize expansion of cans during thermal processing 
(Ramaswamy & Chen, 2004). Three methods, namely the heat-exhaust method, 
mechanical method, and steam injection method, are used for achieving a vacuum in 
the container (Ramaswamy & Chen, 2004). The heat-exhaust method, which is the 
most traditional method, involves hot-filling and a steam chamber prior to sealing. A 
vacuum environment is created inside the can following condensation of the steam 
after cooling. The mechanical method includes sealing cans in a vacuum closing 
machine, in which hot-filling is not required. The headspace injection method, which 
is normally applied to glass containers, involves steam flushing around the seaming 
head of the seamer in order to remove air from the headspace. Sealing or seaming is 
done immediately when the cans pass through the exhaust box or steam chamber. 
Continuous-type double seamer equipped with vacuum pump is commonly used 
because it combines exhaustion and seaming, thus reducing the space and time for 
the operations. 
•‘ - . 
“Sterilization or retorting is the crucial step in canning of mushrooms. The sealed cans 
should be sterilized as soon as possible after seaming to prevent reactions of enzyme 
and bacteria that are not completely denatured after blanching. The time and 
temperature of sterilization must be followed strictly, because under-processing will 
lead to spoilage of product while over-processing will cause quality deterioration and 
darkening (Huang & Lee, 1997). The severity of sterilization conditions depends on 
the pH of the vegetables. Mushroom, with pH 6.0-6.5, is classified as low-acid foods 
that can support the growth of C. botulinum, an anaerobic spore-formation 
microorganism that produces an extremely potent exotoxin, in sealed container 
(Heldman & Hartel, 1997). Thermal process is regarded as sufficient when the 
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conditions are able to eliminate Clostridium botulinum and its heat-stable spores 
since the heath hazards associated with all other pathogens are also eliminated at that 
severe condition. It was found that the typical process for mushrooms is 2.45 minutes 
at 121°C and the thermal resistance constant (Z value) is 10°C (Heldman & Hartel, 
1997). The sterilized cans are then cooled, air-dried and stored at room temperature. 
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Figure 4.1: General operation procedure of mushroom canning. (Ko, 2004) 
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4.1.1.2 Drying 
The operation procedures of drying are generally similar to those of canning shown 
in Fig. 4.1 but only up to the stage of sorting and grading. The purposes of blanching 
in dehydration are slightly different from those of canning. Blanching prior to drying 
is necessary because the drying temperature is insufficient to inactivate enzymes and 
the reduced moisture content is not low enough to control the enzymatic activity 
(Huang & Lee, 1997), especially during the drying process. The minimum moisture 
requirement for dehydrated mushrooms is 12% or less (Cai et al., 2004). 
Slicing is a common practice in dehydration since rapid removal of water from the 
tissues of the whole mushroom leads to serious shrinkage problem, which affects the 
customers' preferences. Shrinkage occurs because the food matrix cannot support its 
own weight and hence collapse under gravitational force when water is driven away 
by dehydration (Achanta & Okos, 2000). Slicing reduces the time for drying; hence 
diminishes the problem of shrinkage. There are plenty of drying methods, including 
sun-drying, oven-drying, freeze-drying and spray-drying, in which oven-drying is the 
most common one for mushroom dehydration. The dried mushrooms are commonly 
packed in airtight containers or by Modified Atmosphere Packaging (MAP). 
4.1.2 P r e v i o u s s tud ies o n the effects o f t h e r m a l p r o c e s s i n g o n m u s h r o o m 
a n t i o x i d a n t s 
The information about the effect of thermal processing on mushroom antioxidants is 
scarce. Related studies only involved incomprehensive investigation in the effect of 
thermal treatment on mushroom antioxidants or comparison between phenolic 
content before and after thermal treatment. Some related studies are summarized as 
below. 
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The changes of antioxidant activity of edible fungi (truffles and mushrooms) during 
industrial processing including canning and freezing had been reported (Murcia et al., 
2002). It was found that most frozen edible fungi except Hydnum genus showed a 
small reduction in inhibition of lipid peroxidation and scavenging activity of 
hydroxyl radicals, but there was no significant difference with respect to the raw 
samples (Murcia et al., 2002). All edible fungi lost antioxidant activity significantly 
(p<0.05) in terms of inhibition of lipid peroxidation, scavenging activity of hydroxyl 
radicals and ABTS radical cation as a consequence of industrial canning (Murcia et 
al., 2002). The losses were supposed to be due to the reduction in antioxidant 
compounds such as polyphenols, flavonoids and vitamin C and E during canning. 
But neither of them was evaluated before and after the thermal treatment. In addition, 
the study involved only one treatment condition for canning and freezing. Thus, the 
effects of an individual treatment parameters and combinations of those parameters 
on mushroom antioxidants were not known. 
Another study focused on the influence of canning process on colour, weight and 
“ g r a d e of Agaricus bisporus (Vivar-Quintana et al., 1999). In this study, six conditions 
with different times (Omin, 8min & lOmin) of blanching treatment and two brines, 
with and without ascorbic acid, were used. It was found that all the total phenolic 
contents of Ab received the six processing conditions reduced significantly (/?<0.05) 
when compared with that of fresh mushroom. The addition of vitamin C (lOOOppm) 
to the brine solution significantly enhanced (p<0.05) the retention of total phenolic 
contents of Ab; while the period of blanching did not show any significant effect on 
the phenolic contents of Ab after thermal treatment. It was observed that the 
mushrooms with the darkest colour after thermal treatment had the lowest phenolic 
content, which was due to the greater participation of phenolic compounds in the 
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browning process. However, this study was limited to the measurement of total 
phenolic content while the changes of antioxidant activity were not investigated. 
There was a recent report on the effect of heat treatment using an autoclave on the 
antioxidant activities and the polyphenolic compounds of Lentinus edodes (Choi et 
al , 2006). Four autoclaving conditions (100°C &15min; 121°C &15min; 100�C & 
30min and 121�C & 30min) were evaluated. It was found that increased heating 
temperature and time could enhance both the polyphenolic content and antioxidant 
activities in terms of DPPH radical and ABTS radical cation scavenging activities. In 
particular, after heating at 121°C for 30 minutes, the DPPH radical and ABTS radical 
cation scavenging activities were increased by 2.2-fold and 2.0-fold (p<0.05) 
compared to fresh Le, respectively. The 1.9-fold increased (p<0.05) in free 
polyphenolic content, which was proposed to be liberated from the ethanol-insoluble 
portion of mushroom due to thermal disruption of cell wall, might contribute to the 
enhancement of the antioxidant activities of Le. Another possible reason for 
improved antioxidant activity would be due to the formation of novel compounds 
“ [e.g. Maillard Reaction Products (MRPs)] having antioxidant activity during heat 
treatment. However, MRPs and degree of browning were not measured in that study. 
Study on the effect of drying to mushroom antioxidants was almost none. Previous 
research only focused on the effect of pretreatment on the quality and acceptance of 
dehydrated mushrooms, particularly Pleurotus ostreatus (Martinez-Soto et al., 2001) 
and Agaricus bisporus (Mudahar & Bains, 1982). It was found that pretreatment with 
potassium metabisulfite and blanching reduced the browning index of mushrooms 
when compared with control in sun-drying, fluidized bed drying and thin layer 
drying (Gothandapani et al., 1997). 
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The water extract of mushroom {Pleurotus campesths) was found to possess more 
than 80% inhibition in p-carotene bleaching even after thermal treatment at 25°C for 
3hrs and for SOmins (Gazzani et al., 1998). Another study demonstrated that 
domestic cooking (grilled for 10 minutes) did not significantly change the total 
phenolic content of fresh Agrocybe aegerita and Pleurotus eryngii (Manzi et al., 
2004). These two findings suggested that the antioxidant components of mushroom 
were relatively stable to thermal treatment. 
To conclude, the effect of thermal treatment on mushroom antioxidants is still largely 
unknown and controversial. The reduced antioxidant activities of edible fungi 
(Murcia, 2002) and the decline in total phenolic content mAb (Vivar-Quintana, 1999) 
demonstrated that canning would have a negative effect on mushroom antioxidants. 
However, a significant increase in total phenolic content as well as DPPH and ABTS 
radical scavenging activities were observed in autoclaved Le (Choi et al.，2006). 
Such large difference might be due to the phenolic compounds liberated from the 
degraded cell wall in.autoclaved Le, and loss by leaching in the brine solution in 
“ c a n n e d edible fungi and Ab. So investigation of the antioxidant activity and phenolic 
content of the brine solution is also essential to evaluate the overall antioxidantive 
properties of the canned mushrooms. In addition, the study of drying on mushroom 
antioxidants is absent. In light of these，the present study was to investigate the effect 
of canning and drying, with variations of processing parameters, on mushroom 
antioxidants in terms of the ABTS radical cation scavenging activity, the Ferric 
Reducing Antioxidant Power, the inhibition of P-carotene bleaching and hydroxyl 
radical scavenging activity. The total phenolic content and the HMF content were 
investigated for their roles in mushroom antioxidants during canning and drying. 
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4.2 Materials and Methods 
4.2.1 T h e r m a l p r o c e s s i n g 
According to the results in the screening part (Chapter 3)，both Aa and Ah were 
selected for further study due to their stronger antioxidant capacity and higher 
phenolic content. Fresh mushrooms were subject to thermal processing at the same 
day of purchasing and half of the processed mushrooms were analyzed immediately 
while the other half was evaluated after 4-month storage at room temperature. 
4.2.1.1 Canning 
The effects of twelve combinations (Table 4.1) of conditions involved three variables, • 
including the blanching time, the addition of vitamin C in the brine solution and the 
sterilization time, were evaluated immediately after processing in the canning study. 
In addition, the antioxidant activity and total phenolic content of the same batch of 
mushrooms were also tested after 4-month storage. 
Table 4.1: The twelve combinations and their sample codes in the canning study 
- Sample Blanching time Sterilization time Vitamin C 
code (T=95°C) (min) (min) (T.=l 15�C) (ppm) 
Al 0 10 0 
B1 5 10 0 
CI 10 10 0 
A2 0 10 1000 
B2 5 10 1000 
C2 10 10 1000 
A3 0 20 0 
B3 5 20 0 
C3 10 20 0 
A4 0 20 1000 
B4 5 20 1000 
C4 10 ^ 
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The simplified operation procedures of mushroom canning are shown in Figure 4.2. 
Both fresh Aa {¥Aa) and fresh Ab (YAb) were purchased in a local market at the same 
day of processing. The debris and dirt of fresh mushrooms were first removed by 
brush and knife and then 8士4g for ¥Aa and 18土2g for ¥Ab were sorted into stainless 
steel containers. ¥Aa and FAb were then spray-washed by cool running water and 
soaked in 1% (w/v) sodium metabisulphite at room temperature for 15 minutes. 
Afterwards, different lots of fresh mushrooms were spray-washed by cool running 
water again to remove excess sodium metabisulphite. The fresh mushrooms were 
then separated into three batches, in which one received lOmins of blanching (95°C), 
the second received 5 mins (95�C), and the last one did not receive any blanching 
treatment. The blanched mushrooms were soaked immediately in ice-cold water so as 
to bring all the mushrooms back to room temperature as soon as possible. The three 
batches of mushrooms (Aa: 160士5g; Ab: 200土lOg) that received different blanching 
treatments were then weighed into cans and two types of brine solutions were used 
for filling up to 90% of the can volume. Brine 1 contained 0.5% (w/v) citric acid, 2% 
(w/v) sodium chloride while brine 2 contained the same composition but with the 
" addition of 1000 ppm (w/v) of ascorbic acid. The cans were then sealed under 
vacuum by a double seamer (Dixie UVGD, Dixieoanner Equipment Co., USA). They 
were then sterilized by a lab-scale retort (RDSW-3, Dixieoanner Equipment Co., 
USA) that equipped with an electric steam boiler (CES-48, Chromalox, USA) and 
the retort temperature and the internal temperature of the can were monitored by a 
temperature monitoring system (CTF 9004，Ellab, Demark). Mushrooms were then 
sterilized at 115°C (internal temperature of cans) for either 10 minutes or 20 minutes 
and cooled down by running water. For each treatment, six cans were prepared and 
the mushrooms of each can were collected and extracted separately for analysis of 
their antioxidant activity and the phenolic and HMF content. Half of each batch 
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(3cans) were opened immediately (Canning OM) while the others (Scans) (Canning 
4M) were stored at room temperature for 4 months prior to opening. Both the 
processed mushrooms and the brine solutions were collected for analysis of 
antioxidant activities and total phenolic content. 
Purchasing • 
Sorting Aa{8±Ag). Ab(18±2g) 
Spray Washing 
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Figure 4.2: The operation procedures of mushroom canning 
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4.2.1.2 Drying 
The effects of twelve combinations (Table 4.2) of conditions involved three variables, 
including the blanching time, the drying time and the drying temperature, were 
evaluated in the drying study. Similar to the canning study, the antioxidant activity 
and total phenolic content were examined immediately (Drying OM) and after 
4-month storage time (Drying 4M). 
Table 4.2: The twelve combinations and their sample codes in the drying study 
Sample code Blanching time Drying time Drying temperature 
(T=95�C) (min) (hour) ^ 
D1 0 10 60 
El 5 10 60 
F1 10 10 60 
D2 0 12 60 
E2 5 12 60 
F2 10 12 60 
D3 . 0 10 75 
E3 5 10 75 
F3 10 10 75 
D4 0 12 75 
- E4 5 12 75 
F4 \0 12 75 
The simplified operation procedures of mushroom canning are shown in Figure 4.3. 
The procedures were similar to those of canning from the purchasing step to the 
blanching step. After the blanched mushrooms were cooled by ice-cold water, fresh 
Ab were then sliced into pieces with 3-5mm thickness (reduction of shrinkage 
problem). For the mushrooms that received the same blanching treatment (1-3), they 
were further divided into four groups (A-D) and received different drying treatments 
(60�C or 75�C; 10 or 12 hours) in an air-oven (Force Air Oven, Shel-Lab 1380 FX, 
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USA). Preliminary study showed that heating of Aa and Ab at 60°C for 10 hours was 
sufficient to reduce the water content of fresh mushrooms to below 10% (data not 
shown). The dried mushrooms were then cooled at room temperature. Half of the 
dried mushrooms from each condition were analyzed immediately while the other 
half was packed into polythene bag with pure nitrogen by modified atmospheric 
packaging (MAP) machine (A300/52, Multivac, Switzerland). The packed 
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Figure 4.3: The operation procedures of mushroom drying 
4.2.2 S a m p l e p r e p a r a t i o n 
For the canning study, both the processed mushrooms and the brine solutions were 
collected for analysis. The canned mushrooms were separated from their brine 
solutions by draining and weighed. The brine solutions were then filtered through 
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filter paper (Whatman41, diameter 110mm, Whatman, USA) and poured into plastic 
bottles. For the drying study, the dried mushrooms were collected after cooling. 
Both the processed mushrooms and the brine solutions were frozen in an ultra-low 
freezer (MDF-U50V, Sanyo, Japan) at -80°C and then lyophilized by a freeze-dryer 
(Labconco, England). All the freeze-dried mushrooms were milled into powder 
through a 0.5mm sieve using a hammer mill (MFIO, IKA-WERKE, Germany). Then, 
all the milled samples and freeze-dried brine solutions were stored in airtight plastic 
bottles inside a dessicator. 
4.2.3 S a m p l e e x t r a c t i o n 
Powdered mushroom samples were extracted with absolute methanol followed by 
water extraction. The extraction scheme used in this section was similar to those in 
2.2.2. Preliminary result showed that there was no significant difference between the 
extraction yields of 12-hr extraction and 24-extraction (data not shown). Hence, the 
extraction time was reduced to 12 hours due to technical difficulties in extracting 
“ samples from different conditions within the same period of time after processing. 
Both FAa and FAb were extracted in the same way for comparison purpose. 
4.2.4 E v a l u a t i o n o f a n t i o x i d a n t a c t i v i t y 
All the antioxidant activity assay used for the mushroom extracts described in 3.2.5, 
except the DPPH radical scavenging activity assay due to poor linearity in measuring 
mushroom antioxidants (3.3.4.2)，were used to evaluate the antioxidant activities of 
the brine solutions, the methanol and water crude mushroom extracts from different 
canning and drying conditions. The detailed procedures were the same as 3.2.5. 
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4.2.5 T o t a l p h e n o l i c c o n t e n t 
The total phenolic contents of the brine solutions, the methanol and water crude 
mushroom extracts from different canning and drying conditions were analyzed with 
the modified enzymatic method described previously (Stevanato, 2004). The detailed 
procedures were the same as those described in 3.2.4. 
4.2.6 M e a s u r e m e n t o f H y d r o x y m e t h y l f u r f u r a l ( H M F ) 
This spectrophotometric method was adopted from a report previously used for 
determination of HMF in honey (White, 1979) with some modifications. All crude 
extracts and brine solutions were analyzed in triplicate. 
One milliliter of mushroom extracts (1 Omg/ml), brine solutions (1 Omg/ml) and 
known concentration of HMF standard was added to a 15-milliliter falcon tube. 
Distilled water was used as a negative control. One hundred microliters of Carrez I 
solution, which was freshly prepared by dissolving 15g of potassium ferrocyanide 
(Peking's Reagent) in 100ml of distilled water, was added to each extract or standard 
“ and mixed thoroughly by vortex. One hundred microliters of Carrez II solution, 
which was freshly prepared by dissolving 30g of zinc acetate (Sigma) in 100ml of 
distilled water, was added to each mixture and mixed well. The mixture was then 
diluted to 10ml by distilled water and mixed thoroughly. Afterwards, the 15-ml 
falcon tube was centrifuged at 3838g for lOmin. Half a milliliter of supernatant was 
added to two curvettes containing 0.5ml distilled water (sample) and 0.5ml sodium 
metabisulfite (reference) and mixed well. The absorbance of the sample against its 
reference was measured both at 284nm and 336 nm by a UV-Vis spectrophotometer 
(GenesysS, Spectronic Instruments, USA). The concentration of HMF in the extracts 
was quantified by comparing the absorbance difference at 284nm and 336mn to the 
146 
calibration curve plotted by known concentrations of HMF (0.25-5mg/ml). 
4.2.7 Stat is t ica l ana lys is 
The different antioxidant activities, including ABTS radical cation scavenging 
activity, Ferric Reducing Antioxidant Power (FRAP) assay, P-carotene bleaching 
method and hydroxyl radical scavenging activity, the total phenolic content and the 
hydroxymethylfurfural concentration of the brine solutions (in canning only), the 
methanol and water crude extracts of heat treated Aa and Ab were expressed as mean 
士 standard deviation. For the comparison of the antioxidant activity, the phenolic 
content as well as the HMF content between the same crude extract of mushrooms • 
treated with different thermal conditions, the mean value of data was analyzed by 
One Way Analysis of Variance (One-Way ANOVA) and Tukey's multiple comparison 
test (Tukey) to detect significant difference (p<0.05) between them. For comparison 
of the antioxidant activity, the phenolic content and the HMF content of the same 
mushroom extract before and after 4-month storage, Student's /-test was carried out 
to detect any significant differences (p<0.05). 
In order to investigate the relationship between the concentrations of phenolic 
compounds and HMF with the antioxidant activities determined by various assays, 
the correlations between the antioxidant activities with the phenolic content or HMF 
content in different mushroom extracts were found by Pearson's correlation 
coefficient in bivariate correlations. All statistical analyses were done by the 
Statistical Package for Social Sciences (SPSS 13.0, 2005). 
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4.3 Results 
4.3.1 T h e A B T S r a d i c a l c a t i o n s c a v e n g i n g a c t i v i t y 
4.3.1.1 Canning 
The ABTS scavenging activity of the brine solutions, the methanol and water crude 
extracts of canned Aa and Ab under different canning conditions are shown in table 
4.3 and 4.4, respectively; while those of canned Aa and Ab after 4-month storage are 
shown in table 4.5 and 4.6, respectively. Most of the methanol and water crude 
extracts of both canned mushrooms possessed lower ABTS scavenging activity than 
those of the fresh one, except the water crude extracts of some canned Ab had 
insignificant enhancement in the ABTS scavenging effect (Al, A3-C3) (Table 4.4). 
The scavenging activity of the brine solutions of both Aa and Ab fortified with 
vitamin C (A2-C2; A4-C4) was significantly higher (p<0.05) than the others, and the 
antioxidant activity of the methanol and water extracts of canned Aa and Ab was also 
enhanced with the addition of vitamin C (Table 4.3 & 4.4). After 4-month storage, 
the scavenging effect of the brine solutions, the methanol and water crude extracts 
were gradually reduced, but better retention in the scavenging effect was observed 
- f o r those with the addition of vitamin C (A2-C2; A4-C4) (Table 4.5 & 4.6). 
Condition A4, which involved no blanching and 20-min sterilization treatment as 
well as with the addition of vitamin C, provided good retention of ABTS radical 
cation scavenging activity of both canned mushrooms before storage and offered the 
best retention after 4-month storage. 
4.3.1.1.1 Effect of blanching 
An increase in blanching time generally reduced the ABTS scavenging activity of 
most methanol and water crude extracts of canned Aa and Ab, however, none of the 
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difference was significant (p>0.05) (Table 4.3 & 4.4). 
4.3.1.1.2 Effect of sterilization time 
Longer sterilization time did not affect the ABTS scavenging activity of both crude 
extracts and brine solutions of canned Aa (Table 4.3). For example, the ABTS 
scavenging activity of the methanol crude extract of canned Aa that received 20-min 
sterilization treatment and without blanching and vitamin C addition (A3) 
(5.86±1.19mM TEAC/mg) was not significantly different from that of its counterpart 
receiving the same treatments except 10-min sterilization was applied (Al) 
(6.44士0.87 mM TEAC/mg) (Table 4.3). 
Without the addition of vitamin C, longer sterilization time remarkably enhanced the 
ABTS scavenging activity of both the methanol and water crude extracts of canned 
Ab. For instance, the methanol (11.0士 1.87mM TEAC/mg) and water (7.86土 1.59 mM 
TEAC/mg) crude extracts of canned Ab receiving 5-min blanching and 20-min 
sterilization treatment without the addition of vitamin C (B3) had significantly 
. s t ronger (p<0.05) ABTS scavenging effect than their counterparts that received the 
same treatment except 10-min sterilization time was applied (Bl) (6.08士0.84 mM 
TEAC/mg; 4.95士 1.01 mM TEAC/mg) (Table 4.4). With the addition of vitamin C, 
longer sterilization time did not significantly affect the ABTS scavenging activity of 
both the methanol and water crude extracts as well as the brine solutions of canned 
Ab (Table 4.4). 
4.3.1.1.3 Effect of addition of vitamin C 
The addition of vitamin C to the brine solution led to a significant increase (^0 .05) 
in the ABTS scavenging activity of most of the methanol crude extracts of canned Aa, 
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in which the decrease in ABTS scavenging activity reduced from 50.9-69.3% (Al-Cl; 
A3-C3) to 15.4-33.4% (A2-C2; A4-C4) (Table 4.3). For example, with the addition 
of vitamin C, the methanol crude extract of canned Aa received 5-min blanching and 
10-min sterilization time (B2) (11.1 士 1.33 mM TEAC/mg) possessed significantly 
stronger (p<0.05) ABTS scavenging activity than its counterpart that received the 
same treatment but without the addition of vitamin C (Bl) (4.50 士 1.01 mM TEAC/mg) 
(Table 4.3). Similar trend was observed in the water crude extracts of canned Aa, but 
no significant difference (p>0.05) was found (Table 4.3). 
With shorter sterilization time (lOmin), the addition of vitamin C to the brine 
solution significantly increased (p<0.05) the ABTS scavenging activity of all 
methanol extracts of canned Ab, in which the decrease in ABTS scavenging activity 
reduced from 40.1-50.2% (Al-Cl) to 16.4-26.9% (A2-C2) (Table 4.4). With longer 
sterilization time, brine solution fortified with vitamin C also slightly enhanced the 
ABTS scavenging activity of all methanol crude extracts of canned Ab’ although no 
significant difference (p>0.05) was found (Table 4.4). Despite the increase of 
- s caveng ing effect in the methanol crude extracts, addition of vitamin C significantly 
diminished (p<0.05) the ABTS scavenging activity of the water crude extracts of 
canned Ab together with longer sterilization time. For example, the water crude 
extract of canned Ab that received no blanching and 10-min sterilization time without 
the addition of vitamin C (A3) (7.94士 1.10 mM TEAC/mg) possessed significant 
stronger ABTS scavenging activity than (p<0.05) its counterpart that received the 
same treatment but with the addition of vitamin C (A4) (4.20±0.80 mM TEAC/mg) 
(Table 4.4). Similar trend was found for canned Ab with shorter sterilization time 
after the addition of vitamin C (A1-C2), but the reduction was not significant 
(p>0.05) (Table 4.4). 
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It was noted that the scavenging activity of the brine solutions of both canned Aa and 
Ab was significantly enhanced (p<0.05) after the addition of vitamin C (Table 4.3 & 
4.4). 
4.3.1.1.4 Effect of storage 
After 4-month storage, the ABTS scavenging activities of most methanol and water 
crude extracts as well as the brine solutions of both canned Aa and Ab were 
significantly reduced O<0.05) (Table 4.5 & 4.6). 
Similar to those canned mushrooms analyzed immediately after processing, 
blanching generally reduced (but not significant) the ABTS scavenging activity of 
the methanol crude extracts of canned Aa and Ab. After 4-month storage, the effect of 
blanching on the ABTS scavenging activity of the water extracts of canned Aa was 
similar to those analyzed immediately, but in a more significant way (Table 4.5 & 
4.6). 
“ Despite the little effect before storage, an increase in sterilization time generally 
enhanced (not always significant) the scavenging activity of the crude extracts from 
two canned mushrooms (Table 4.5 & 4.6). Similar to the enhancement effect of 
addition of vitamin C before storage, brine solution fortified with vitamin C often led 
to better protection on ABTS scavenging activity of both mushroom crude extracts 
after 4-month storage, except the water extracts of canned Ab (Table 4.5 & 4.6). 
4.3.1.2 Drying 
The ABTS scavenging activity of the methanol and water crude extracts of canned 
Aa and Ab under different drying conditions are shown in table 4.7 and 4.8， 
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respectively; while those of dried Aa and Ab after 4-month storage are shown in table 
4.9 and 4.10, respectively. Drying generally reduced the ABTS scavenging activity of 
the methanol crude extracts from both dried Aa and Ab compared to the fresh ones. It 
was noted that all the water crude extracts of dried Aa and Ab possessed stronger 
ABTS scavenging effect than the fresh ones, in which the enhanced effects were 
from 2.19% to 86.1% for dried Aa and from 53.0% to 108.4% for dried Ab (Table 4.7 
& 4.8). After 4-month storage, the ABTS scavenging activity of the methanol crude 
extracts of both mushrooms reduced and the difference was significant (p<0.05) in 
some conditions (Table 4.9 & 4.10). The ABTS scavenging activity of water crude 
extracts of both dried Aa and Ab generally did not change after 4-month storage, 
remaining at higher levels compared to the fresh ones. The enhanced effects were 
from 5.91% to 60.4% and 51.3% to 152% for dried Aa and Ab, respectively (Table 
4.9 & 4.10). 
Condition D2, which involved no blanching and drying at 60°C for 12 hours, 
provided the best retention of ABTS radical cation scavenging activity of dried Aa 
“ before and after storage (Table 4.7 & 4.9). Condition F3, which consisted of 10-min 
blanching and drying at 75°C for 10 hours, provided the best maintenance of the 
scavenging activity of dried Ab (Table 4.8 & 4.10). 
4.3.1.2.1 Effect of blanching 
Blanching generally reduced the scavenging effect of both extracts of dried Aa. For 
example, the methanol crude extract of dried Aa received 10-min blanching 
treatment and drying at 60�C for 10 hours (Fl) (2.69±0.74 mM TEAC/mg) possessed 
significantly lower (p<0.05) ABTS scavenging activity than its counterparts that 
received the same treatments except no (Dl) (8.69士 1.26 mM TEAC/mg) or 5-min 
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(El) (4.37±0.95 mM TEAC/mg) blanching was applied. Longer blanching time also 
led to reduction of ABTS scavenging activity of the water crude extracts of dried Aa, 
but no significant difference (p>0.05) was found (Table 4.7). 
The effect of blanching on dried Ab was different from that of dried Aa. Longer 
blanching time (lOmin) would generally lead to better retention of ABTS scavenging 
activity of the methanol crude extracts of dried Ab. For example, the methanol crude 
extract of dried Ab that received 10-min blanching and drying at 60°C for 10 hours 
(Fl) (14.7士 1.63 mM TEAC/mg) possessed significantly stronger (p<0.Q5) ABTS 
scavenging activity than its counterparts that received the same treatments except- no 
blanching (Dl) (9.72士U2 mM TEAC/mg) or with 5-min (Fl) (9.59士 1.13 mM 
TEAC/mg) blanching. Blanching generally did not affect the ABTS scavenging 
activity of the water crude extracts of dried Ab (Table 4.8). 
4.3.1.2.2 Effect of drying time 
Drying time generally did not affect the ABTS scavenging activity of the methanol 
‘ a n d water crude extracts of dried Aa, except an increase in the scavenging effect was 
observed in the methanol crude extracts of dried Aa with longer drying time at lower 
drying temperature. For example, an addition of drying time significantly increased 
(/?<0.05) the ABTS scavenging activity of the methanol crude extracts of dried Aa 
that received no blanching treatment (Dl vs D2) (8.69士 1.26mM TEAC/mg & 
13.3土 1.46 mM TEAC/mg) and dried at 60°C (Table 4.7). 
Drying time also did not affect the ABTS scavenging activity of the methanol crude 
extracts of dried Ab. However, slight and insignificant reductions (p>0.05) were 
observed after the addition of drying time at 75�C (D3-F3 vs D4-F4) (Table 4.8). 
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4.3.1.2.3 Effect of drying temperature 
With a shorter drying time (10 hours), an increase in drying temperature generally 
enhanced the ABTS scavenging activity of the methanol crude extracts of dried Aa. 
For example, the methanol crude extracts of dried Aa that dried at 75°C for 10 hours 
without blanching treatment (D3) (11.2土0.71 mM TEAC/mg) possessed significantly 
stronger (p<0.05) ABTS scavenging activity than its counterpart (Dl) (8.69士 1.26 
mM TEAC/mg) that received the same treatments except dried at a lower 
temperature (Table 4.7). However, with a longer drying time (12hour), an increase in 
drying temperature normally reduced the ABTS scavenging activity of the methanol 
crude extracts of dried Aa. For example, the methanol crude extracts of dried Aa that 
dried at 75�C for 12 hours with 5-min blanching treatment (E4) (4.65士0.42 mM 
TEAC/mg) possessed significantly weaker (/?<0.05) ABTS scavenging activity than 
its counterpart (E2) (8.17士0.88 mM TEAC/mg) that received the same treatments 
except dried at a lower temperature (Table 4.7). An increase in drying temperature 
generally insignificantly (p>0.05) enhanced the ABTS scavenging activity of the 
water crude extracts of dried Aa. 
The effect of drying temperature on Ab was different from that of Aa. With a shorter 
drying time (10 hours), an increase in drying temperature normally reduced the 
ABTS scavenging activity of the methanol crude extracts of dried Ab. For instance, 
the methanol crude extracts of dried Ab that dried at 75°C for 10 hours with lO-min 
blanching treatment (F3) (12.3士0.95 mM TEAC/mg) possessed significantly weaker 
(p<0.05) ABTS scavenging activity than its counterpart (Fl) (14.7土 1.63 mM 
TEAC/mg) that received the same treatments except dried at lower temperature 
(Table 4.8). With a longer drying time (12 hours), an increase in drying temperature 
generally enhanced the ABTS scavenging activity of the methanol crude extracts of 
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dried Ab. For example, the methanol crude extracts of dried Ab that dried at 75°C for 
12 hours with 10-min blanching treatment (F4) (13.0土0.88 mM TEAC/mg) 
possessed significantly stronger (p<0.05) ABTS scavenging activity than its 
counterpart (F2) (9.43土0.95 mM TEAC/mg) that received the same treatments except 
dried at lower temperature (Table 4.8). An increase in drying temperature also 
insignificantly enhanced O>0.05) the ABTS scavenging activity of the water crude 
extracts of dried Ab with 10-hr drying time; while it generally did not affect the 
ABTS scavenging activity of the water crude extracts of dried Ab with 12-hr drying 
time (Table 4.8). 
4.3.1.2.4 Effect of storage 
After 4-month storage, the scavenging activities of the methanol crude extracts of 
both dried Aa and Ab were generally reduced when compared to those analyzed 
immediately after processing. For example, significant reductions (p<0.05) were 
found for dried Ab received any blanching treatments and dried at 75°C for 12 hours 
(D4-F4) after 4-month storage (Table 4.10). However, some exceptions were found. 
“ F o r example, the scavenging activity of the methanol crude extracts of dried Aa 
received no blanching (Dl) and 10-min (Fl) blanching treatment and dried at 60°C 
for 10 hours was significantly stronger (/7<0.05) than their counterparts that received 
the same treatments without storage (Table 4.9). 
A 4-month storage period generally did not affect the ABTS scavenging activity of 
the water crude extracts of dried Aa and Ab. However, significant increases (p<0.05) 
were found in the water crude extracts of dried Ab that received no and 5-min 
blanching treatment and dried at 60�C for 10 hours (Dl & El), when compared with 
those analyzed immediately after processing (Table 4.10). 
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The effect of blanching treatment on methanol crude extracts was still significant 
after 4-month storage, in which no blanching and 10-min blanching resulted in the 
highest ABTS scavenging activity of methanol crude extracts of dried Aa and Ab, 
respectively (Table 4.9 & 4.10). The combination of a longer drying time and a 
higher drying temperature led to the greatest loss of ABTS scavenging activity of 
methanol crude extracts of both dried mushrooms after 4-month storage, especially 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.2 F e r r i c R e d u c i n g A n t i o x i d a n t P o w e r ( F R A P ) 
4.3.2.1 Canning 
The FRAP value of the brine solutions, the methanol and water crude extracts of 
canned Aa and Ab under different canning conditions are shown in table 4.11 and 
4.12，respectively; while those of canned Aa and Ab after 4-month storage are shown 
in table 4.13 and 4.14，respectively. The FRAP values of the methanol crude extracts 
and brine solutions of canned mushrooms without the addition of vitamin C to the 
brine solution (Al-Cl; A3-C3) were normally lower than the fresh ones (reduced 
from 2.61% to 71.5%), while those with the addition of vitamin C (A2-C2; A4-C4) 
were normally greater than the fresh ones (increased from 30.6% to 160%). Longer 
blanching time and shorter sterilization time normally reduced the reducing power of 
the crude extracts of the canned mushrooms, especially for the methanol one (Table 
4.11 & 4.12). After 4-month storage, the FRAP value generally decreased 
dramatically but the addition of vitamin C to the brine solutions led to better 
retention of the reducing power (Table 4.13-4.14). 
^ Condition A4, which involved no blanching and 20-min sterilization treatment as 
well as with the addition of vitamin C, provided good retention of FRAP value of 
both canned mushrooms before storage and offered the best retention after 4-month 
storage (Table 4.11-4.14). 
4.3.2.1.1 Effect of blanching 
Without the addition of vitamin C, an increase in blanching time decreased the 
reducing power of the methanol extracts as well as the brine solutions of canned Aa 
and Ab. For example, the methanol crude extract of canned Aa that did not receive 
blanching treatment and vitamin C addition with 10-min sterilization treatment (Al) 
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[6.39士 1.3ImM Fe(II)E] possessed significantly higher (p<0.05) FRAP value than its 
counterparts that received the same treatment except when 5-min (Bl) [3.11士0.77 
mM Fe(II)E] or 10-min (Cl) [2.54±0.98mM Fe(II)E] blanching treatment was 
applied (Table 4.11). 
With the addition of vitamin C, an increase in blanching time slightly enhanced the 
reducing power of the methanol crude extracts of canned Aa but reduced that of 
canned Ab. For instance, the FRAP value of canned Aa received 10-min blanching 
treatment and 20-min sterilization with the addition of vitamin C (C4) [21.1±4.70 
mM Fe(II)E] was significantly larger (/7<0.05) than its counterpart that received the 
same treatment but without blanching (A4) [16.6土3.13 mM Fe(II)E] (Table 4.11). On 
the contrary, the FRAP value of canned Ab received 10-min blanching treatment and 
20-min sterilization with the addition of vitamin C (C4) [15.1 士2.35 mM Fe(II)E] was 
significantly lower (p<0.05) than its counterpart that received the same treatment but 
without blanching (A4) [i9.7士5.15 mM Fe(II)E] (Table 4.12). 
4.3.2.1.2 Effect of sterilization time 
A longer sterilization time generally enhanced the reducing power of most methanol 
crude extracts of canned Aa. For example, the FRAP value of canned Aa that 
received 10-min blanching and 20-min sterilization with the addition of vitamin C 
(C4) [21.1 土4.70 mM Fe(II)E] was significantly larger than (p<0.05) its counterpart 
that received the same treatment with 10-min sterilization time (C2) [12.0±2.16 mM 
Fe(II)E] (Table 4.11). 
However, the effect of sterilization time on the FRAP value of the methanol crude 
extracts of canned Ab depended on the addition of vitamin C. It was found that a 
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longer sterilization time together with the addition of vitamin C decreased the 
reducing power of the methanol crude extracts of canned Ab. For example, the FRAP 
value of canned Ab that received no blanching and 20-min sterilization with the 
addition of vitamin C (A4) [19.7土5.15 mM Fe(II)E] was significantly lower than 
(p<0.05) its counterpart that received the same treatment with 10-min sterilization 
time (A2) [25.6±4.56 mM Fe(II)E] (Table 4.12). On the contrary, a longer 
sterilization time without the addition of vitamin C would generally lead to 
remarkable increase in the FRAP value. For example, the FRAP value of canned Ab 
that received 5-min blanching and 20-min sterilization without the addition of 
vitamin C (B3) [18.6士53.38 mM Fe(II)E] was significantly larger than (p<0.05) its 
counterpart that received the same treatment with 10-min sterilization time (Bl) 
[10.9±1.57 mM Fe(II)E] (Table 4.12). 
Longer sterilization generally did not affect the FRAP value of water crude extracts 
of canned Aa and Ab. However, the FRAP values of the water crude extracts of 
canned Ab that received 5-min (B2) [7.61 士 1.28 mM Fe(II)E] and 10-min (C2) 
^ [6.01 士 1.34 mM Fe(II)E] blanching treatments with the addition of vitamin C were 
significantly reduced (p<0.05) after the sterilization time was lengthened to 20 
minutes (B4 & C4) [5.69士 1.64 mM Fe(II)E and 4.21±1.06 mM Fe(II)E, respectively] 
(Table 4.12). 
4.3.2.1.3 Effect of addition of vitamin C 
The addition of vitamin C to the brine solution significantly enhanced (p<0.05) the 
reducing power of most methanol crude extracts and brine solutions of canned Aa 
and Ab. For example, the FRAP values of the canned Aa that received any blanching 
treatments without the addition of vitamin C and sterilized for 20 minutes (A3-C3) 
1 6 7 
were significantly larger than (/7<0.05) their counterparts (Al-Cl) that received the 
same treatments except when 10-min sterilization was applied (Table 4.11). However, 
the FRAP values of the canned Ab that received any blanching treatments with the 
addition of vitamin C and sterilized for 20 minutes (A3-C3) were similar to their 
counterparts (Al-Cl) that received the same corresponding treatments but sterilized 
for 10 minutes (Table 4.12). 
The addition of vitamin C generally did not affect the reducing power of the water 
crude extracts of canned Aa and Ab. It was noted that the FRAP values of brine 
solutions of those fortified with vitamin C were significantly larger than (p<0.05) 
those without the addition of vitamin C (Table 4.11 & 4.12). 
4.3.2.1.4 Effect of storage 
The FRAP values of most crude extracts and brine solutions of both canned Aa and 
Ab were remarkably (not always significantly) reduced after 4-month storage (Table 
4.13 & 4.14). -
Similar to those without storage, a longer blanching time reduced (not always 
significant) the FRAP value of most of the methanol crude extracts and brine 
solutions of canned Aa and Ab. Despite no effect was found for increasing blanching 
time in those without storage, significant reductions (p<0.05) of FRAP value of the 
water crude extracts of canned Aa were found if blanching was applied (Table 4.13 & 
4.14). 
An increase in sterilization time no longer enhanced the FRAP values of the 
methanol crude extracts of canned Aa and Ab, but exceptions were found if canned 
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Aa received no and 5-min blanching accompanied with the addition of vitamin C (A2 
vsA4; B2 vs B4) (Table 4.13). 
It was found that addition of vitamin C provided better retention of the reducing 
power of the methanol crude extracts of canned Aa during storage. Some conditions 
(C2, A4-C4), with the addition of vitamin C, were able to maintain the reducing 
power of methanol crude extracts similar to or greater than the fresh ones [8.93土0.44 
mM Fe(II)E] even after 4-month storage (Table 4.13). Although the addition of 
vitamin C also provided better retention of the reducing power of the methanol crude 
extracts of canned Ab, none of the conditions were able to achieve comparable FRAP 
value with the fresh ones (Table 4.14). 
4.3.2.2 Drying 
The FRAP value of the methanol and water crude extracts of canned Aa and Ab 
under different drying conditions are shown in table 4.15 and 4.16, respectively; 
while those of canned Aa and Ab after 4-month storage are shown in table 4.17 and 
-4.18，respectively. Drying normally diminished the reducing power of the methanol 
( i 8.52% to i 67.3%) and water ( i 9.43% to i 35.6%) crude extracts of Aa except 
those did not receive blanching ( f 26.4% to t 78.3% and |1.90% to |53.5% for its 
methanol and water crude extracts, respectively) (Table 4.15). Drying also reduced 
the FRAP value of the methanol crude extracts of dried Ab ( i 15.0% to i 60.1%), 
but it enhanced the reducing power of the water crude extracts (个 2.18% to 个 79.5%) 
when compared to the fresh ones (Table 4.16). After 4-month storage, the FRAP 
value of the methanol crude extracts of dried Ab was reduced but remarkable (not 
always significant) enhancement of the reducing power of the water crude extracts 
was observed for dried Ab (Table 4.17 & 4.18). 
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Condition D2, which involved no blanching and drying at 60°C for 12 hours, 
provided the best retention of FRAP value of dried Aa before and after 4-month 
storage (Table 4.15 & 4.17). Condition F3, which involved 10-min blanching and 
drying at 75°C for 10 hours, offered better protection of the reducing power of dried 
Ab before and after 4-month storage (Table 4.16 & 4.18). 
4.3.2.2.1 Effect of blanching 
Blanching significantly reduced (/7<0.05) the FRAP value of the methanol and water 
crude extracts of dried Aa. After blanching, the FRAP values of the methanol crude 
extracts were only 50% or below of those did not receive blanching treatment. For 
example, the FRAP value of the methanol crude extracts of dried Aa that received 
5-min blanching and dried at 60�C for 10 hours (El) [5.17土 1.02 mM Fe(II)E] was 
only half of its counterpart that received the same treatment except no blanching was 
applied (Dl) [11.3土 1.06 mM Fe(II)E] (Table 4.15). Generally, further increase in 
blanching time (from 5-min to 10-min) reduced the reducing power of both extracts 
of dried Aa, but no significant difference was found between them (p>0.05) (Table 
. 4 . 1 5 ) . 
However, a 10-min blanching time offered better retention of the reducing power of 
the methanol crude extracts of dried Ab. For example, the FRAP value of the 
methanol extract of dried Ab received 10-min blanching and dried at 60°C for 10 
hours (Fl) [16.8土0.53 mM Fe(II)E] was significantly greater than its counterparts 
that received the same treatments but without (Dl) [10.1 ±1.28 mM Fe(II)E] or with 
5-min blanching (El) [10.6士0.82 mM Fe(II)E] (Table 4.16). On the contrary, 
blanching generally reduced the FRAP value of the water crude extracts of dried Ab. 
i 
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4.3.2.2.2 Effect of drying time 
At lower drying temperature, a longer drying time enhanced the FRAP value of the 
methanol crude extracts of dried Aa but generally did not affect the reducing power 
of its water crude extracts. For example, the reducing power of the methanol crude 
extract of dried Aa that received no blanching and dried at 60°C for 12 hours (D2) 
[15.9士 1.49 mM Fe(II)E] was significantly stronger than (/7<0.05) its counterpart that 
received the same treatments except with shorter drying time (Dl) [11.3土 1.06 mM 
Fe(II)E] (4.15). On the contrary, a longer drying time generally reduced the FRAP 
value of the methanol and water crude extracts of dried Aa at higher drying 
temperature. For example, the FRAP value of the methanol crude extract of dried Aa 
that received 10-min blanching and dried at 75�C for 12 hours (F4) [2.92士 1.44 mM 
Fe(II)E] was significantly lower (/7<0.05) than its counterpart that received the same 
treatment except when a shorter drying time was applied (F3) [5.11士1.25 mM 
Fe(II)E] (Table 4.15). 
At lower drying temperature, a longer drying time generally reduced the FRAP value 
. of the methanol and water crude extracts of dried Ab. For example, the reducing 
power of the methanol crude extract of dried Ab that received 10-min blanching and 
dried at 60�C for 12 hours (F2) [13.5土0.84 mM Fe(II)E] was significantly lower than 
(p<0.05) its counterpart that received the same treatments except with shorter drying 
time (Fl) [16.8±0.53 mM Fe(II)E] (Table 4.16). On the contrary, a longer drying 
time accompanied with higher drying temperature generally enhanced the FRAP 
value of the methanol and water crude extracts of dried Ab. For example, the FRAP 
value of the methanol crude extract of dried Ab that received no blanching treatment 
and dried at 75�C for 12 hours (D4) [11.9±0.81 mM Fe(II)E] was significantly 
stronger (p<0.05) than its counterpart that received the same treatment except when a 
‘171 
shorter drying time was applied (D3) [10.2土0.56 mM Fe(II)E] (Table 4.16). 
4.3.2.2.3 Effect of drying temperature 
With shorter drying time, a higher drying temperature generally did not affect the 
reducing power of the methanol crude extracts of dried Aa but increased the reducing 
power of the water crude extracts of dried Aa. For example, the FRAP value of the 
water crude extract of dried Aa that received no blanching treatment and dried at 
75�C for 10 hours (D3) [13.3士 1.02 mM Fe(II)E] was significantly larger than 
(p<0.05) its counterpart that received the same treatment but dried at 60°C (Dl) 
[8.79土0.62 mM Fe(II)E] (Table 4.16). With longer drying time，higher drying 
temperature generally reduced the FRAP value of both the methanol and water crude 
extracts of dried Aa. For example, the FRAP value of the water crude extract of dried 
Aa that received 10-min blanching treatment and dried at 75°C for 10 hours (F4) 
[2.92士 1.44 mM Fe(II)E] was significantly lower than (p<0.05) its counterpart that 
received the same treatment but dried at 60°C (F3) [5.11士 1.25 mM Fe(II)E] (Table 
4.16). 
«> 
Drying temperature generally did not affect the reducing power of the water crude 
extracts of dried Ab. However, the effect of drying temperature on the methanol 
extracts of dried Ab was different with different drying time. With shorter drying 
time, a higher drying temperature normally reduced the reducing power of the 
methanol crude extract of dried Ab. For instance, the methanol extract of dried Ab 
that received 5-min blanching and dried at 75�C for 10 hours (E3) [7.96士0.33 mM 
Fe(II)E] possessed significantly weaker reducing power than (p<0.05) its counterpart 
that received the same treatments except when dried at lower temperature (El) 
[10.6士0.82 mM Fe(II)E] (Table 4.16). On the contrary, higher drying temperature 
‘172 
usually enhanced the reducing power of the methanol crude extract of dried Ab. For 
instance, the methanol extract of dried Ab that received 10-min blanching and dried 
at 75�C for 12 hours (F4) [17.0士 1.43 mM Fe(II)E] possessed significantly stronger 
reducing power than (p<0.05) its counterpart that received the same treatments 
except when dried at lower temperature (F2) [13.5士0.84 mM Fe(II)E] (Table 4.16). 
4.3.2.2.4 Effect of storage 
The reducing power of the methanol crude extracts of dried Aa was generally 
retained better than that of dried Ab after 4-month storage. The FRAP value of the 
methanol crude extracts of dried Aa was generally similar to that obtained from those 
without storage, in which only the methanol extracts of dried Aa with the condition 
of Bl , B2 and D1 possessed significantly lower FRAP value (p<0.05) compared to 
the corresponding products without storage (Table 4.17). 
After a 4-month storage, drying greatly reduced the FRAP value of the methanol 
crude extracts of dried Ab but dramatically (not always significantly) enhanced that 
“ of the water crude extracts of dried Ab. For example, only the methanol crude 
extracts of dried Ab that received 10-min blanching and dried at 60°C for 12 hours 
(F2) and that received 10-min blanching and dried at 75�C for 10 hours (F3) did not 
have significantly lower (p>0.05) reducing power than their counterparts that 
received the same treatments but without storage (Table 4.18). In addition, only the 
water extract of dried Ab that received 10-min blanching and dried at 75°C for 10 
hours (C3) did not possess significant stronger (p>0.05) reducing power than their 
counterparts that received the same treatments but were analyzed immediately after 
processing. The FRAP values of the water extracts of some dried JZ? (D1 & D2; 





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.3 p - c a r o t e n e b l e a c h i n g assay 
Preliminary results of the methanol and water crude extracts of both heat-treated Aa 
and Ab generally exhibited excellent inhibitory effect of 13 -carotene bleaching (over 
80%) (data not shown) and the absorbance became "saturated" at the concentration 
of lOmg/ml and 5mg/ml. So the inhibitory effect of -carotene bleaching at 
2.5mg/ml was selected for the comparison purpose. 
4.3.3.1 Canning 
The inhibitory effect of j3 -carotene bleaching of the brine solutions, the methanol 
and water crude extracts of canned Aa and Ah under different canning conditions are 
shown in table 4.19 and 4.20, respectively; while those of canned Aa and Ab after 
4-month storage are shown in table 4.21 and 4.22, respectively. The inhibitory effect 
of /3 -carotene bleaching of the methanol crude extracts of canned Aa (I 10.4% to 
i 28.7%) and that of the water crude extracts of canned Ab (个 2.14% to 1 21.6%) 
were generally lower than the fresh ones (75.7±0.89% and 68.2土 1.94%, respectively); 
while the inhibition percentage of the methanol crude extracts of canned Ab (2.18% 
“ to 11.6%) and that of the water crude extracts of canned Aa (0.640% to 15.8%) were 
generally stronger than the fresh ones (76.9±1.11% and 66.4±1.36%, respectively) 
(Table 4.19 & 4.20). Generally, the inhibitory effect of ^ -carotene bleaching of the 
brine solutions of both canned Aa and Ab was remarkably (not always significantly) 
lower than their methanol and water crude extracts (Table 4.19 & 4.20). After 
4-month storage, the inhibitory effect generally reduced and greater reduction was 
observed in the water crude extracts (Table 4.21 & 4.22). 
Condition D4, which involved no blanching and 20-min sterilization treatment as 
well as with the addition of vitamin C, resulted in stronger inhibitory effect of 
182 
/3 -carotene bleaching of both canned mushrooms before storage and offered the best 
retention after 4-month storage (Table 4.19-4.22). 
4.3.3.1.1 Effect of blanching 
Longer blanching time generally induced greater loss in the inhibition effect of 
yS -carotene bleaching of both the methanol and water crude extracts of canned Aa 
and Ab. For example, the water crude extract of canned Aa that received 10-min 
blanching and 10-min sterilization treatment with the addition of vitamin C (C2) 
(67.7土3.98%) possessed significantly lower (p<0.05) inhibitory effect of /3 -carotene 
bleaching than its counterpart that received the same treatments except no (A2) 
(76.8士2.63%) or 5-min (B2) (75.0士0.97%) blanching was applied (Table 4.19 & 
4.20). However, significant differences were only found in some cases and blanching 
generally did not affect the inhibitory effect of brine solutions. 
4.3.3.1.2 Effect of sterilization time 
An increase in the sterilization time generally did not affect the inhibitory effect of 
- /3 -carotene bleaching of both the methanol and water crude extracts of canned Aa 
and Ab. However, longer sterilization time slightly reduced the inhibitory effect of 
the brine solutions of canned Aa. For example, the brine solutions of canned Aa that 
received 10-min blanching and 20-min sterilization treatment without the addition of 
vitamin C (A3) (13.5土2.59%) possessed significantly lower (p<0.05) inhibitory 
effect of fi -carotene bleaching than its counterpart that received the same treatments 
except when a shorter sterilization time (Al) (22.6±3.02%) was applied (Table 4.19). 
On the contrary, longer sterilization remarkably (not always significantly) enhanced 
the inhibitory effect of brine solutions of canned Ab. It was found that the inhibitory 
effects of all the brine solutions of canned Ab were significantly enhanced (/7<0.05) 
183 
after the addition of sterilization time (Table 4.20). 
4.3.3.1.3 Effect of addition of vitamin C 
With the addition of vitamin C to the brine solution, the inhibitory effect of 
-carotene bleaching of the methanol and water crude extracts of canned Aa was 
slightly enhanced, but only a few demonstrated significant increase (p<0.05). For 
example, the water crude extract of canned Aa that received no blanching and 10-min 
sterilization treatment with the addition of vitamin C (A2) (76.8±2.63%) possessed 
significantly stronger (^<0.05) inhibitory effect of ^ -carotene bleaching than its 
counterpart that received the same treatments but without the addition of vitamin C 
(Al) (70.8士3.01%) (Table 4.19). 
For canned Ab，the effect of addition of Vitamin C depended on the length of the 
sterilization time. With a shorter sterilization time, addition of vitamin C generally 
did not affect the inhibitory effect of the methanol crude extracts but slightly reduced 
that of the water crude extracts. For example, the inhibitory effect of the water crude 
“ extract of canned Ab that received no blanching and 10-min sterilization treatment 
with the addition of vitamin C (A2) (53.5±1.51o/o) was significantly lower than 
(p<0.05) its counterpart that received the same treatment but no vitamin C was added 
(Al) (66.1 ±2.56%) (Table 4.20). However, with longer sterilization time, addition of 
vitamin C generally reduced the inhibitory effect of the methanol crude extracts but 
enhanced that of the water crude extracts, but none of the difference was significant 
(p>0.05) (Table 4.20). 
4.3.3.1.4 Effect of storage 
After 4-month storage, the inhibitory effect of yS -carotene bleaching of the methanol 
‘184 
crude extracts of canned Aa was generally reduced, in which the decrease of 
inhibitory effect (compared to fresh one) was reduced from 10.4-25.6% to 
10.0-51.6%, especially for those with the addition of vitamin C (A2-C2; A4-C4). 
(Table 4.21). On the contrary, the inhibitory effect of the methanol crude extracts of 
canned Ab was also reduced, in which the range of inhibitory effect (compared to 
fresh one) was reduced from 个 2.18%-个 11.6% to i 4.70-个 6.55%. However, the 
inhibitory effect was generally retained better with the addition of vitamin C (A2-C2; 
A4-C4) (Table 4.22). 
The inhibitory effects of all water crude extracts of canned Aa demonstrated 
significant reduction (p<0.05) after 4-month storage (Table 4.21). Similar trend was 
observed in canned Ab, in which only the water crude extracts of those received 
20-min sterilization and without the addition (A3-B3) demonstrated similar 
inhibitory effect (/7>0.05) with their counterparts without any storage period (Table 
4.22). 
“ In addition, the inhibitory effects of the brine solutions of both canned Aa and Ab, 
which demonstrated low to moderate inhibitory effects (12.2-54.6%) without storage, 
were significantly enhanced (p<0.05) (22.6-68.7%) after 4-month storage only with 
some exceptions (Al-Cl of canned Aa) (Table 4.21 & 4.22). 
4.3.3.2 Drying 
The inhibitory effect of j3 -carotene bleaching of the methanol and water crude 
extracts of dried Aa and Ab under different canning conditions are shown in table 
4.23 and 4.24，respectively; while those of canned Aa and Ab after 4-month storage 
are shown in table 4.25 and 4.26, respectively. Drying generally reduced the 
1 8 5 
inhibitory effect of methanol crude extracts of dried Aa, while it enhanced the 
inhibitory effect of the methanol crude extracts of dried Ab and the water crude 
extracts of both dried Aa and Ab, when compared to the fresh ones (Table 4.23 & 
4.24). After 4-month storage, the inhibitory effect of the methanol crude extracts of 
dried Aa was remarkably (not always significantly) enhanced; while that of the water 
crude extracts of dried Aa was mostly reduced (Table 4.25). The inhibitory effect of 
the methanol crude extracts of dried Ab was generally remained stable during the 
storage time, while that of the water crude extracts of dried Ab was generally 
enhanced (Table 4.26). 
Condition D3, which involved no blanching and drying at 75°C for 10 hours, resulted 
in stronger inhibitory effect of /3 -carotene bleaching of dried Aa and Ab before and 
after 4-month storage (Table 4.23-4.26). 
4.3.3.2.1 Effect of blanching 
An increase in the blanching time did not exert a clear effect on the inhibitory effect 
“ of the methanol crude extracts of dried Aa. However, a longer blanching time 
generally reduced the inhibitory effect of the water crude extracts of dried Aa, 
especially for those with higher drying temperature (D3-F4). For example, the water 
crude extracts of dried Aa received 10-min blanching treatment and dried at 75°C for 
10 hours (F3) (73.1 士I.O50/0) possessed significantly weaker (p<0.05) inhibitory 
effect than its counterpart that received the same treatment but with no blanching 
treatment (D3) (82.5土 1.04%) (Table 4.23). 
A longer blanching time generally induced greater loss in the inhibitory effect of the • 
methanol crude extracts of dried Ab’ but the reduction was only significant in some 
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cases. For instance, the methanol crude extracts of dried Ab received 10-min 
blanching treatment and dried at 75�C for 10 hours (F3) (78.7±1.05%) possessed 
significantly weaker (p<0.05) inhibitory effect than its counterpart that received the 
same treatment but with no blanching treatment (D3) (83.0士0.70%) (Table 4.24). 
4.3.3.2.2 Effect of drying time 
A longer drying time significantly reduced (p<0.05) the inhibitory effect of 
3 -carotene bleaching of the methanol crude extracts of dried Aa. For example, the 
inhibitory effect of the methanol extract of dried Aa that received no blanching and 
dried at 60�C for 12 hours (D2) (16.6士 1.05%) was only one quarter of its counterpart 
that received the same treatment but with shorter drying time (Dl) (66.4±0.92%) 
(Table 4.23). At a lower drying temperature, an increase in drying time did not affect 
the inhibitory effect of the water crude extracts of dried Aa. However, accompanied 
by a higher drying temperature, an increase in drying time significantly reduced 
(p<0.05) the inhibitory effect of the water crude extracts of dried Aa (Table 4.23). 
“ For dried Ab, an increase in drying time insignificantly (p>0.05) reduced the 
inhibitory effect of the methanol crude extracts together with a lower drying 
temperature, while it slightly enhanced that of the methanol crude extracts at higher 
drying temperature (Table 4.24). For example, the inhibitory effect of the methanol 
extract of dried Ab that received no blanching and dried at 60°C for 12 hours (D2) 
(86.7士2.13%) was insignificantly lower than its counterpart that received the same 
treatment but with shorter drying time (Dl) (89.1±1.40%) (Table 4.24). On the 
contrary, the inhibitory effect of the methanol extract of dried Ab that received no 
blanching and dried at 75°C for 12 hours (D4) (86.7士 1.62%) was significantly 
stronger than (p<0.05) its counterpart that received the same treatment but with 
1 8 7 
shorter drying time (D3) (83.0士0.70%) (Table 4.24). An increase in drying time did 
not affect the inhibitory effect of the water crude extracts of dried Ab. 
4.3.3.2.3 Effect of drying temperature 
An increase in drying temperature significantly enhanced (p<0.05) the inhibitory 
effect of all methanol crude extracts of dried Aa. An increase in drying temperature 
slightly enhanced the inhibitory effect of the water crude extracts of dried Aa , 
accompanied by a shorter drying time but reduced that with a longer drying time. For 
example, the inhibitory effect of the water extract of dried Aa that received no 
blanching and dried at 75�C for 10 hours (D3) (82.5士 1.04%) was significantly 
stronger than (p<0.05) its counterpart that received the same treatment but with lower 
drying temperature (Dl) (72.9±3.18o/o) (Table 4.23). On the contrary, the inhibitory 
effect of the methanol extract of dried Aa that received 10-min blanching and dried at 
75�C for 12 hours (F4) (64.7±1.33%) was significantly lower than (p<0.05) its 
counterpart that received the same treatment but with lower drying temperature (F2) 
(81.4±1.75%) (Table 4.23). 
For dried Ab, the effect of drying temperature on the inhibitory effect was also 
depended on the drying time. An increase in drying temperature generally reduced 
the inhibitory effect of the methanol crude extracts of dried Ab with shorter drying 
time, but did not affect it with longer drying time (Table 4.24). For example, the 
methanol crude extract of dried Ab that received no blanching and dried at 60°C for 
10 hours (Dl) (89.1 ±1.40%) possessed significantly stronger (p<0.05) inhibitory 
effect than its counterpart that received the same treatment except dried at higher 
temperature (D3) (83.0±0.70%). On the contrary, an increase in drying temperature 
generally did not affect the inhibitory effect of the water crude extracts of dried Ab 
188 
with shorter drying time, but enhanced it with longer drying time. For instance, the 
water crude extract of dried Ab that received no blanching and dried at 75°C for 12 
hours (D4) (82.2土 1.82%) possessed significantly stronger (p<0.05) inhibitory effect 
than its counterpart that received the same treatment except dried at lower 
temperature (D2) (72.4士4.11%) (Table 4.24). 
4.3.3.2.4 Effect of storage 
After 4-month storage, the inhibitory effect of the methanol crude extracts of dried 
Aa was generally enhanced, especially for those with longer drying time (D2-F2; 
D4-F4). For example, the inhibitory effect of the methanol crude extract of canned 
Aa that received 5-min blanching treatment and dried at 60�C for 12 hours (E2) was 
increased 4 times (13.5士2.30% to 64.0士7.99%) after 4-month storage (Table 4.23 & 
4.25). However, the inhibitory effect of the water crude extracts of dried Aa was 
generally reduced after 4-month storage (Table 4.23 & 4.25).. 
The inhibitory effect of all methanol crude extracts of dried Ab was still similar to or 
. g r e a t e r than that of the fresh one (76.9士 1.11 o/o) an after 4-month storage. Generally, 
the inhibitory effect remained stable after 4-month storage, in which only a few 
drying conditions (Dl, El & F2) had significant reduction (/?<0.05) after this period 
of storage time (Table 4.26). Most of the water crude extracts possessed stronger 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.4 H y d r o x y l r a d i c a l s c a v e n g i n g assay 
4.3.4.1 Canning 
The hydroxyl radical scavenging activity of brine solutions, the methanol and water 
crude extracts of canned Aa and Ab under different canning conditions are shown in 
table 4.27 and 4.28, respectively; while those of canned Aa and Ab after 4-month 
storage are shown in table 4.29 and 4.30, respectively. It was found that canning 
generally reduced the hydroxyl radical scavenging activity of the methanol {Aa and 
Ab: i 1.83% to i 25.2% & O.OOOo/o to i 31.5%) and water (Aa and Ab: t 2.81% to 
i 14.4% & 个 13.6% to i 27.1%) crude extracts of the two mushrooms compared 
with the fresh ones (Table 4.27 & 4.28). The addition of vitamin C strongly 
diminished the scavenging activity of the brine solutions. After 4-month storage, the 
addition of vitamin C to the brine solutions no longer reduced the scavenging activity 
of brine solutions; and the scavenging effect of the methanol and water crude extracts 
of heat treated mushrooms was continued to be reduced during storage (Table 4.29 & 
4.30). 
“Condition A3, which involved no blanching and 20-min sterilization treatment as 
well as without the addition of vitamin C, provided better retention of hydroxyl 
radical scavenging activity of both canned mushrooms before and even after 4-month 
storage (Table 4.27 & 4.30). 
4.3.4.1.1 Effect of blanching 
Blanching generally reduced the hydroxyl radical scavenging activity of the brine 
solutions, the methanol and water crude extracts of canned Aa. For example, the 
methanol crude extracts of canned Aa that did not receive blanching and addition of 
vitamin C together with 10-min sterilization (Al) (52.1±2.45%) possessed 
‘198 
significantly stronger (p<0.05) hydroxyl radical scavenging activity than its 
counterpart that received the same treatment except 5-min blanching was applied (Bl) 
(48.1土 1.230/0) (Table 4.27). Further increase in blanching time induced greater loss in 
scavenging activity in the brine solutions, the methanol and water crude extracts of 
canned Aa, but significant differences were only found in some cases (e.g. water 
extracts of canned Aa in condition CI) (Table 4.27). 
Similar trend was also found in canned Ab. Blanching generally reduced the 
scavenging activity of the methanol crude extracts of canned Ab. For example, the 
methanol crude extracts of canned Ab that did not receive blanching and addition of 
vitamin C together with 10-min sterilization (Al) (58.2±2.10%) possessed 
significantly stronger (p<0.05) hydroxyl radical scavenging activity than its 
counterpart that received the same treatment except 5-min blanching was applied (Bl) 
(53.2士 1.90%) (Table 4.28). Further increase in the blanching time induced greater 
loss in scavenging activity in the brine solutions and the methanol crude extracts of 
canned Ab, but significant differences were only found in some cases (e.g. the 
• methanol extract of canned Ab of condition C3) (Table 4.28). However, 5-min 
blanching was found to be most efficient (insignificant) in retaining the hydroxyl 
radical scavenging activity of the water crude extracts of canned Ab (Table 4.28). 
4.3.4.1.2 Effect of sterilization time 
A longer sterilization time generally enhanced the hydroxyl radical scavenging 
activity in the methanol extracts of both canned mushrooms. For example, the 
methanol crude extract of canned Aa that received 20-min sterilization and 10-min 
blanching treatment with the addition of vitamin C (C4) (45.2± 1.32%) possessed 
significantly stronger (p<0.05) scavenging activity than its counterpart that received 
‘199 
the same treatment but with shorter sterilization time (C2) (41.2土0.91 o/o) (Table 
4.27). 
A longer sterilization time generally decreased the hydroxyl radical scavenging 
activity of the water crude extracts of canned Aa, but none of them demonstrated 
significant reduction (Table 4.27). On the contrary, an increase in sterilization time 
generally enhanced that of canned Ab. For instance, the water crude extract of canned 
Ab that did not receive blanching and addition of vitamin C together with 20-min 
sterilization (A3) (42.6土2.17%) possessed significantly stronger (p<0.05) scavenging 
activity than its counterpart that received the same treatment but with shorter 
sterilization time (Al) (35.8±0.55%) (Table 4.28). 
4.3.4.1.3 Effect of the addition of vitamin C 
Addition of vitamin C to the brine solutions generally reduced the scavenging 
activity of the methanol and water crude extracts of both canned Aa and Ab. For 
example, the methanol crude extract of canned Ab that received no blanching and 
-20-min sterilization treatment accompanied by the addition of vitamin C (A4) 
(51.2士2.190/0) had significantly weaker (p<0.05) scavenging activity than its 
counterpart that received the same treatment but with no vitamin C added (A3) 
(60.1 士0.20%) (Table 4.28). 
Addition of vitamin C to the brine solutions significantly reduced (p<0.05) the 
scavenging activity of the brine solutions of both canned mushrooms. For example, 
the brine solutions of canned Aa that received 10-min blanching and 10-min 
sterilization treatment but with the addition of vitamin C (C2) (7.33士2.90%) 
possessed only one-fifth scavenging activity of its counterpart that received the same 
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treatment but no vitamin C was added (CI) (39.7+1.920/0). 
4.3.4.1.4 Effect of storage 
The scavenging activity of all methanol and most water crude extracts of canned 
mushrooms reduced significantly (p<0.05) after 4-month storage, from 
0.00- i 31.5% to i 28.7- i 61.9% and from f 13.6- i 27.1% to i 13.2- i 38.3%, 
respectively (Table 4.29 & 4.30). The effect of blanching was remained after 
4-month storage, in which a longer blanching time always resulted in greater loss in 
scavenging effect. There is no significant difference (p>0.05) for both the methanol 
and water crude extracts of those received different sterilization times. The addition 
of vitamin C generally promoted greater retention of scavenging activity of the 
methanol crude extracts of both canned Aa and Ab during 4-month storage (Table 
4.29 & 4.30). The addition of vitamin C together with shorter sterilization time 
significantly reduced (p<0.05) the scavenging effect of the water crude extracts of 
canned Ab. It was noted that the addition of vitamin C to the brine solutions no 
longer reduced the scavenging activity of brine solutions after 4-month storage as 
compared to those analyzed immediately after processing (Table 4.27- 4.30). 
4.3.4.2 Drying 
The hydroxyl radical scavenging activity of the methanol and water crude extracts of 
dried Aa and Ab under different canning conditions are shown in table 4.31 and 4.32, 
respectively; while those of dried Aa and Ab after 4-month storage are shown in table 
4.33 and 4.34，respectively. The hydroxyl radical scavenging activity of the methanol 
(2.63% to 47.7%; 4.20% to 42.4%) and water crude extracts (4.77% to 36.1%; 9.60% 
to 30.9%) of both dried Aa and Ab was found to be lower than the fresh ones (Table 
4.31 & 4.32). After 4-month storage, the scavenging effect of the methanol crude 
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extracts of dried Aa (especially for those dried at 75°C) was enhanced while that of 
dried Ab was generally reduced (Table 4.33 & 4.34). In addition, the scavenging 
effect of the water crude extracts of dried Aa was generally increased after 4-month 
storage; while that of dried Ab was generally reduced, especially for those dried at 
lower temperature (Table 4.33 & 4.34). 
Condition D3, which involved no blanching and drying at 75°C for 10 hours, induced 
a stronger hydroxyl radical scavenging activity of dried Aa before and even after 
4-month storage; while condition F3, which consisted of. 10-min blanching and 
drying at 75°C for 10 hours, induced a stronger hydroxyl radical scavenging activity 
of dried Ab before and even after 4-month storage (Table 4.31-4,34). 
4.3.4.2.1 Effect of blanching 
Blanching remarkably (not always significantly) reduced the hydroxyl radical 
scavenging activity of both the methanol and water crude extracts of dried Aa. For 
example, the hydroxyl radical scavenging activity of the methanol crude extracts of 
dried Aa that received 5-min blanching and dried at 60°C for 10 hours (El) 
(37.6±2.36%) was significantly weaker (p<0.05) than its counterpart that received 
the same treatment except that no blanching was applied (Dl) (48.7±1.15o/o) (Table 
4.31). Longer blanching time generally did not further reduce the scavenging effect 
of both the methanol and water crude extracts of dried Aa. 
The effect of blanching on the scavenging effect of dried Ab was different from that 
of the dried Aa. An increase in blanching time enhanced the scavenging activity of 
the methanol crude extracts of dried Ab. For example, the methanol crude extracts of 
dried Ab that received 10-min blanching treatment and dried at 75�C for 12 hours (F4) 
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(57.6士3.26%) possessed signmcantly stronger (p<0.05) hydroxyl radical scavenging 
effect than its counterparts that received the same treatment but with no blanching 
(D4) (47.2±0.92%) and 5-min blanching (E4) (49.0士2.12%) was applied (Table 
4.32). 
4.3.4.2.2 Effect of drying time 
An increase in drying time generally enhanced the scavenging effect of the methanol 
crude extracts of dried Aa and Ab. For instance, the methanol crude extracts of dried 
Ab that received no blanching and dried at 60�C for 12 hours (D2) (50.0士2.40%) 
possessed significantly stronger (p<0.05) hydroxyl radical scavenging effect than its 
counterparts that received the same treatment but with shorter drying time (Dl) 
(34.6士 1.55%) (Table 4.32). 
Combined with a lower drying temperature, an increase in drying time generally 
enhanced the scavenging activity of the water crude extracts of dried Aa. For 
example, the water crude extracts of dried Aa that received no blanching and dried at 
60�C for 12 hours (D2) (46.5士 1.37%) possessed significantly stronger (p<0.05) 
’ hydroxyl radical scavenging effect than its counterpart that received the same 
treatment but with shorter drying time (Dl) (36.5士 1.48o/o) (Table 4.31). However, the 
combination of higher drying temperature and drying time generally did not affect 
the scavenging activity of the water crude extracts of dried Aa. 
4.3.4.2.3 Effect of drying temperature 
An increase in drying temperature generally reduced the hydroxyl radical scavenging 
activity of the methanol crude extracts of dried Aa\ while it enhanced that of the 
water crude extracts of the same mushroom. For example, the methanol crude 
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extracts of dried Aa that received 10-min blanching and dried at 75°C for 10 hours 
(F3) (32.1 士0.797%) possessed significantly weaker (p<0.05) hydroxyl radical 
scavenging effect than its counterpart that received the same treatment but with lower 
drying temperature (Fl) (38.2土2.170/0) (Table 4.31). On the contrary, the water crude 
extracts of dried Aa that received no blanching and dried at 75°C for 10 hours (D3) 
(51.5士 1.71%) possessed significantly stronger O<0.05) hydroxyl radical scavenging 
effect than its counterpart that received the same treatment but with lower drying 
temperature (Dl) (36.5士 1.48%) (Table 4.31). 
An elevated temperature generally enhanced the hydroxyl radical scavenging activity 
of the methanol crude extracts of dried Ab. For instance, the methanol crude extracts 
of dried Ab that received no blanching and dried at 75°C for 10 hours (D3) 
(45.5± 1.36%) possessed significantly stronger (p<0.05) hydroxyl radical scavenging 
effect than its counterpart that received the same treatment but with lower drying 
temperature (Dl) (34.6±1.55%). 
4.3.4.2.4 Effect of storage 
After a 4-month storage, the hydroxyl radical scavenging activity of the methanol 
�‘ crude extracts of dried Aa was generally stronger than dried Ab. Significant increases 
(p<0.05) in the hydroxyl radical scavenging activity were observed for most 
methanol crude extracts of Aa dried at 75°C (C1-C3; D2-D3). On the contrary, the 
scavenging effect of most methanol crude extracts of dried Ab reduced significantly 
(p<0.05) after a 4-month storage, except for those received 10-min blanching (Table 
4.31 & 4.32). 
The effect of blanching on the scavenging activity was remained the same as those 
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without storage, in which a longer blanching time reduced and enhanced the 
scavenging effect of dried Aa and Ab, respectively (Table 4.31-4.34). Although the 
combination of no blanching and drying at 75°C for 12 hours (D4) provided good 
protection of the scavenging effect before storage, the methanol extracts of dried Aa 
received this treatment suffered a greater loss after 4-month storage, compared to its 
counterparts having the same conditions except shorter drying time or lower drying 
temperature was applied (Dl, D2, D3) (Table 4.33 & 4.34). For example, the 
methanol crude extract of dried Aa that received D4 conditions was reduced by -9% 
after 4-month storage while its counterparts showed slight enhancement during the 
storage time (Table 4.31 & 4.34). 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.5 T o t a l p h e n o l i c c o n t e n t 
4.3.5.1 Canning 
The phenolic contents of the brine solutions, the methanol and water crude extracts 
of canned Aa and Ab under different canning conditions are shown in table 4.35 and 
4.36，respectively; while those of canned Aa and Ab after a 4-month storage period 
are shown in table 4.37 and 4.38, respectively. Generally, all the canning conditions 
reduced the phenolic contents of the methanol crude extracts of Aa and Ab 
from i 15.4% to i 54.7% and from i 30.9% to i 67.1%，respectively and those of 
water crude extracts from 个 10.1% to i 49.7% and from i 7.62% to i 54.0%, 
respectively; with respect to the fresh ones. Comparable amount of phenolic 
compounds was found in the brine solutions of canned mushrooms as that in their 
water crude extracts. Although a 90% reduction of mushroom phenolics in Ab after 
sterilization at 121�C for 20 minutes has been reported previously (Vivar-Quintana et 
al., 1999)，the reduction found in this study was only from 30.9% to 67.1% (Table 
4.36). ‘ 
,Compared to the mushrooms analyzed immediately after processing, the total 
. phenolic content and non-polar phenolic content of both canned Aa and Ah were 
generally reduced. The phenolic content in the water crude extracts of the both 
canned mushrooms was also reduced but to a lesser extent than that of their methanol 
crude extracts (Table 4.37 & 4.38). 
Condition A4, which involved no blanching and 20-min sterilization treatment as 
well as the addition of vitamin C, provided good retention of the total phenolic 
content in both canned mushrooms before storage and offered the best protection of 
total phenolic content of both canned mushrooms after the 4-month storage (Table 
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4.37 & 4.38). 
4.3.5.1.1 Effect of blanching 
A longer blanching time generally caused a reduction of phenolic content in the 
methanol crude extracts of canned Aa. For example, having 20-min sterilization time 
and without the addition of vitamin C, the methanol crude extracts from canned Aa 
without blanching treatment (A3) (17.3±2.05|ig CE/mg) possessed significantly 
higher (p<0.05) phenolic content than its counterpart that received 5-min (Bl) 
(13.8±2.41 昭 CE/mg) or 10-min (CI) (12.4士 1.65|ig CE/mg) blanching treatments 
(Table 4.35). An increase of blanching time from 5 to 10 minutes further reduced the 
phenolic content of the methanol crude extracts of canned Aa, although no significant 
difference was observed in most cases (Table 4.35). With the same sterilization time 
and with the addition of vitamin C (lOOOppm) (A2-C2 & A4-C4)，an increase in 
blanching time also reduced the phenolic content in the methanol crude extracts of 
most canned Aa, but no significant difference was found (p>0.05) (Table 4.35). 
^ Similarly, a longer blanching time generally led to a greater reduction of phenolic 
“ content in the methanol crude extracts of canned Ab, especially with the addition of 
vitamin C (A2-C2 & A4-C4). For example, canned Ab received 5-min (B2) (10.1 土 
1.21|xg CE/mg) and 10-min (C2) (12.2 士 1.81^ig CE/mg) blanching treatment 
accompanied by a 10-min sterilization and the addition of vitamin C possessed 
significant lower (p<0.05) phenolic content than their counterpart that received no 
blanching treatment (A2) (15.0 土 3.69昭 CE/mg) (Table 4.36). 
The effect of blanching time on the phenolic content in the water crude extracts of 
canned ‘ Aa was different under different conditions. For example, an increase in 
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blanching time caused a significant reduction {p<0.05) of phenolic content in the 
water crude extracts with 10-min sterilization treatment and the addition of vitamin C 
(A2-C2) (Table 4.35). However, an insignificant increase of phenolic content in 
water crude extracts was observed when the blanching time was increased from 0 to 
10 minutes, with a 10-min sterilization time and without the addition of vitamin C 
(Al-Cl) (Table 4.35). The effect of blanching on the phenolic content in the water 
crude extracts of canned Ab was different to that of canned Aa. Generally, the water 
crude extracts of canned Ab received a 5-min blanching (B1-B4) possessed the 
highest (but not significant) phenolic content amongst their counterparts that 
received a 0-min or 10-min blanching treatment (Table 4.36). Blanching generally 
reduced the phenolic content in the brine solutions of canned Aa. 
The summation of the phenolic contents in the water crude extracts and brine 
solutions reflects the total amount of water-soluble phenolic compounds. It was 
found that some treatments (Al, Bl, CI, A2 and A3) (14.1 土3.68 - 17.2士3.79ng 
CE/mg) induced a significant increase (p<0.05) in the amount of the water-soluble 
phenolic compounds in canned Aa when compared with the fresh one (10.5±0.71|j_g 
" CE/mg) (Table 4.35). In addition, the total amount of water-soluble phenolic 
compounds (8.29士 2.64 - 18.4士2.97|ig CE/mg) of all canned Ab was larger than the 
fresh one (6.75士0.62!ig CE/mg) (Table 4.36). 
The total phenolic content (summation of the amount of phenolic compounds from 
all extracts) of canned Aa without blanching treatment was always higher than their 
counterparts that received the same sterilization time and vitamin C concentration 
(Table 4.35). For example, canned Aa (34.5士5.84|ig CE/mg) which received no 
blanching, 20-min sterilization treatment and without vitamin C (A3) possessed 
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significantly higher O<0.05) total phenolic content than its counterparts with 
blanching treatment (B3 & C3) (24.5±5.80^g CE/mg & 23.7土4.11 jig CE/mg, 
respectively) (Table 4.35). 
4.3.5.1.2 Effect of sterilization time 
A longer sterilization time without the addition of vitamin C generally induced better 
retention of phenolic content in all the methanol crude extracts of both canned Aa 
and Ab. For example, the methanol crude extracts of canned Aa received a 20-min 
sterilization treatment accompanied by the addition of vitamin C and no blanching 
treatment (A3) (17.3土2.05|ig CE/mg) possessed significant higher (p<0.05) phenolic • 
content than its counterpart that received the same treatments except a 10-min 
sterilization was applied (Al) (12.0士 1.38|ig CE/mg) (Table 4.35 & 4.36). 
However, with the addition of vitamin C, a longer sterilization time did not cause an 
increase in the phenolic content in the methanol crude extracts of canned Aa and Ab. 
For instance, the methanol crude extracts of all canned Aa received a 20-min 
sterilization treatment with the addition of vitamin C (A4-C4) possessed similar level 
of phenolic compounds with their counterparts having the same treatments except a 
10-min sterilization was applied (Table 4.35). For canned Ab, longer sterilization 
time with the addition of vitamin C (A4, C4) even significantly reduced (p<0.05) the 
phenolic content of the methanol crude extracts (A2, C2) (Table 4.36). 
A longer sterilization time generally did not affect the phenolic content of the water 
crude extracts of canned Aa and Ab. Longer sterilization time did not affect the 
phenolic content of the brine solution of canned Aa either, but a significant increase 
(p<0.05) of phenolic compounds of the brine solution of canned Ab was observed 
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with the treatment B3, C3 and B4 when compared with their counterparts having the 
same conditions but 10-min sterilization was used instead (Table 4.35 & 4.36). 
Generally, there were not significant differences between the total phenolic content 
of most canned mushrooms treated with different sterilization times though with 
some exceptions. For example, the total phenolic content of A3 (34.5±5.84}ig CE/mg) 
of canned Aa was significantly larger (p<0.05) than its counterpart that (Al) 
(27.8±6.48|ig CE/mg) received the same treatments except a 10-min sterilization 
time (Table 4.35). The total phenolic content of B3 (32.5±5.52jig CE/mg) of canned 
Ab was significantly larger (p<0.05) than its counterpart (Al) (19.2土4.27|ig CE/mg) 
that received the same treatments except a 10-min sterilization time (Table 4.36). It 
was noted that the total phenolic content of canned Aa and Ab subject to these two 
canning treatments respectively were even larger than (no significant difference) the 
fresh ones (30.9士 1.86|ig CE/mg & 28.5士2.42昭 CE/mg, respectively) (Table 4.35 & 
4.36). • 
4.3.5.1.3 Effect of addition of vitamin C 
The addition of vitamin C to the brine solutions generally did not enhance the 
phenolic content in the methanol crude extract of canned Aa. With a 10-min 
sterilization time, addition of vitamin C did not affect the phenolic content in the 
methanol extract of canned Aa (C2 & CI; A2 & Al) (Table 4.35). With a 20-min 
sterilization time, addition of vitamin C (A4) (13.0±1.81|ig CE/mg) even reduced 
(p<0.05) the phenolic content in the methanol extract of its counterpart (A3) 
(17.3±2.05|ig CE/mg) that received the same treatments but without the addition of 
vitamin C (Table 4.35). 
i 
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The addition of vitamin C to the brine solution enhanced the phenolic content in the 
methanol extract of canned Ab with a 10-min sterilization treatment, but a slight 
reduction was observed if a 20-min sterilization treatment was applied. For example, 
the canned Ab received no and 10-min blanching treatment accompanied by a 10-min 
sterilization and with the addition of vitamin C (A2 & C2) (15.0±3.69|ig CE/mg & 
12.2士 1.81 fig CE/mg) possessed significant higher (/?<0.05) phenolic content than 
their counterparts (Al & CI) (8.42±2.24^g CE/mg & 8.09士 1.25昭 CE/mg) that 
received the same treatments except no vitamin C was added (Table 4.36). With a 
20-min sterilization treatment, an addition of vitamin C significantly reduced (p<0.05) 
the phenolic content in the methanol extracts of canned Ab that received 5-min and 
10-min blanching treatment from 13.6士2.55|ig CE/mg ( j 37.4%) and 11.4±1.73^g 
CE/mg ( i 47.7%) to 10.1 土2.08|ig CE/mg ( i 53.7%) and 7.89士 1.03|ig CE/mg 
( i 63.7%), respectively (Table 4.36). 
The effect of the addition of vitamin C on the phenolic content in water extracts and 
brine solutions of canned Aa and Ab was generally insignificant. Only the phenolic 
content in the water crude extracts of canned Aa that received 5-min (B2) and 10-min 
(C2) blanching and 10-min sterilization treatment were significantly reduced (p<0.05) 
with the addition of vitamin C, when compared to their counterparts (Bl, CI) (Table 
4.35). For the brine solution, only canned Ab (C4) that received 10-min blanching 
and 20-min sterilization treatment possessed significant lower (/7<0.05) phenolic 
content after the addition of vitamin C (Table 4.36). 
4.3.5.1.4 Effect of storage 
The phenolic content in all methanol crude extracts of canned Aa 67.1-89.7%) 
and Ab,( i 74.2-90.4%) was reduced significantly (p<0.05) when compared with the 
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fresh Aa and Ab (20.4土 1.16)ig CE/mg & 21.8±1.80昭 CE/mg, respectively) and also 
reduced significantly (/7<0.05) than those analyzed immediately after the canning 
process (Table 4.35 - 4.38). The phenolic content in the water crude extracts 
generally retained better than the methanol crude extracts. The total phenolic content 
of all canned Aa ( i 37.5-67.8%) and Ab ( i 32.6-55.5%) that received different 
canning conditions also reduced significantly (p<0.05) when compared with the fresh 
mushrooms (30.9土 1.86|ig CE/mg & 28.5±2.42|ig CE/mg), and was significantly 
lower (/7<0.05) than those received the corresponding treatment without storage 
(Table 4.35 - 4.38). 
Similar to those cans opened immediately, blanching reduced the phenolic content in 
the methanol crude extracts of canned Aa and Ab but in a more significant way. Most 
canned Aa without blanching treatment possessed significant higher (p<0.05) 
phenolic contents than their counterparts that received the same treatments except 
with longer blanching time (Table 4.37). Similar trend was also found in canned Ab 
(Table 4.38). However, longer blanching time did not cause further reduction in the 
phenolic content in the methanol crude extracts of both canned Aa and Ab (Table 
� 4.37 & 4.38). 
After a 4-month storage period, blanching also caused a significant reduction in the 
phenolic content in water crude extracts and brine solutions of canned Aa. For 
example, canned Aa received 5-min (Bl) (5.14±0.33|ig CE/mg) or 10-min (CI) 
(6.78±1.29|ig CE/mg) blanching treatment accompanied by a 10-min sterilization 
and without the addition of vitamin C possessed significant lower (p<0.05) phenolic 
content in their water crude extracts when compared to the one with the same 
treatment except no blanching was applied (Al) (8.71±0.97^g CE/mg) (Table 4.37). 
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Significant reduction (/?<0.05) of phenolic content was found between the brine 
solutions from canned Aa (A3 & B3) that received a 20-min sterilization and without 
the addition of vitamin C except a longer blanching time was applied (Table 4.37). A 
similar trend was also observed in canned Ab, but only the water crude extracts of the 
one (A4-C4) that received a 20-min sterilization treatment and with the addition of 
vitamin C had significant differences (/7<0.05) (Table 4.38). 
Blanching also reduced total phenolic content of canned Aa and Ab (Table 4.37 & 
4.38). Most of the canned Aa and Ab without blanching had significant better 
(/?<0.05) retention of total phenolic contents than their counterparts, except canned 
Ab that received a 10-min sterilization and with the addition of vitamin C (A2-C2) as 
well as a 20-min sterilization and without the addition of vitamin C (A3-C3) (Table 
4.38). 
After a 4-month storage period, a longer sterilization time, with or without the 
addition of vitamin C, also enhanced the phenolic content in the methanol crude 
extracts of canned Aa and Ab. For example, an increase of sterilization time provided 
better retention (but not significant) of phenolic content (6.72土 1.28|ig CE/mg & 
6.31±0.85jig CE/mg) in the methanol crude extracts of canned Aa that received no 
blanching and without the addition of vitamin C (CI & Al) (Table 4.37). In addition, 
canned Ab that received a longer sterilization time and no blanching but with the 
addition of vitamin C (A4) (5.61±0.68|ig CE/mg) possessed higher (not significant) 
phenolic content in its water crude extract than its counterpart (A2) (4.78士0.95[ig 
CE/mg) (Table 4.38). 
A longer sterilization time generally did not affect the phenolic contents in water 
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crude extracts of canned Aa, but it enhanced that of canned Ab. For example, canned 
Ab received a 20-min sterilization, 0-min and 5-min blanching treatment and without 
the addition of vitamin C (A3 & B3) (8.23±0.40ng CE/mg & 7.86土0.52|ig CE/mg) 
possessed significantly larger (p<0.05) amount of phenolic compounds than their 
counterparts that received 10-min sterilization time (Al & Bl) (6.23士0.63|ig CE/mg 
& 6.43土0.71 |ig CE/mg). However, sterilization time did not affect the total phenolic 
content of canned Aa and Ab. 
Similar to those analyzed immediately after processing, the phenolic content in the 
• methanol crude extracts of canned Aa with the addition of vitamin C to the brine 
solution generally did not increase. However, addition of vitamin C was efficient for 
better retention of the phenolic content in the methanol crude extracts of canned Ab. 
For example, addition of vitamin C significantly enhanced (p<0.05) the phenolic 
content in methanol crude extracts of canned Ab that received no (A4) and 5-min (B4) 
blanching and 20-min sterilization treatment when compared to their counterparts 
(A3 & B3) (Table 4.37). Similarly, canned Ab that received a 5-min (B2) and 10-min 
^ (C2) blanching, 10-min sterilization treatment and with the addition of vitamin C 
possessed higher (but not significant) phenolic content in their methanol crude 
extracts than their counterparts (Bl & CI) (Table 4.38). 
Similar to those without storage, addition of vitamin C to the brine solution generally 
did not affect the phenolic content in the water crude extracts of canned Aa. However, 
instead of having no effect on the phenolic content in water crude extracts of canned 
Ab, addition of vitamin C reduced it after 4-month storage. For example, with the 
addition of vitamin C, canned Ab (B2) that received a 5-min blanching and 10-min 
sterilization possessed significantly lower (p<0.05) phenolic content than its 
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counterpart (Bl) (Table 4.38). 
4.3.5.2 Drying 
The phenolic content in the methanol and water crude extracts of dried Aa and Ab 
under different drying conditions are shown in table 4.39 and 4.40, respectively; 
while those of dried Aa and Ab after 4-month storage are shown in table 4.41 and 
4.42, respectively. Generally, most drying conditions reduced the phenolic content in 
the methanol crude extracts ( i 28.5% to i 85.5%;个 8.46o/o to i 78.8%) and the 
total phenolic content ( i 4.80% to i 62.3%; i 4.17% to 4 52.7%) in dried Aa and 
Ab\ but some drying conditions enhanced the phenolic contents in water crude 
extracts of both Aa and Ah when compared with the fresh ones (Table 4.39 & 4.40). 
After a 4-month storage period, the phenolic compounds of the methanol crude 
extracts of dried Aa was slightly enhanced (not always significant), while the 
phenolic content of other fractions of dried Aa and Ab was reduced (Table 4.41 & 
4.42). ‘ 
Condition CI, which involved no blanching and drying at 75°C for 10 hours, 
provided good retention of total phenolic content of dried Aa before storage and 
offered the best protection of total phenolic content of dried Aa after 4-month storage 
(Table 4.39 & 4.41). Condition C3, which involved 10-min blanching and drying at 
75°C for 10 hours, provided better retention of total phenolic content of dried Ab 
before and after the period of storage (Table 4.40 & 4.42). 
4.3.5.2.1 Effect of blanching 
Similar to canning, a longer blanching time always linked with larger reduction in 
the phenolic content in the methanol extracts of dried Aa. All dried Aa without 
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blanching treatment possessed significant larger (p<0.05) amount of phenolic 
compounds in the methanol crude extracts than their counterparts that received the 
same treatment but with blanching treatment (Table 4.39). In contrast, a longer 
blanching time enhanced the phenolic content in the methanol crude extracts of dried 
Ab (Table 4.40). Most dried Ab with 10-min blanching, except the one dried at 60°C 
for 10 hours (D2-F2)，had significant larger (p<0.05) amount of phenolic compounds 
in the methanol crude extracts than their counterparts that dried at the same 
temperature and time but with shorter blanching time or without blanching (Table 
4.40). The dried Ab that received a 10-min blanching treatment and dried at 75°C for 
12 hours (F4) (23.6 士 3.00|ig CE/mg) possessed insignificant larger amount of 
phenolic compounds in the methanol crude extracts than the fresh one (21.8 士 1.80jag 
CE/mg) (Table 4.40). 
At higher drying temperature (75°C), an increase in blanching time significantly 
reduced (p<0.05) the phenolic content in the water crude extracts (D3-F3; D4-F4) of 
dried Aa (Table 4.39). At lower drying temperature (60�C)，an i significant reduction 
was found in the water crude extracts of dried Aa with increasing blanching time 
‘ (Dl-Fl; D2-F2). With a shorter drying time (lOhr), the water crude extracts of dried 
Ab that received a 10-min blanching treatment (Fl; F3) was found to contain higher 
(but insignificant) phenolic content than their counterparts with no blanching (Dl; 
D3) or 5-min blanching treatment (El; E3) (Table 4.40). Most dried Aa and Ab 
possessed more phenolic compounds in the water extracts than the fresh ones 
(10.5土0.71|ig CE/mg & 6.75±0.62^ig CE/mg, respectively) (Table 4.39 & 4.40). 
With higher phenolic content in both the methanol and water crude extracts, dried Aa 
received no blanching treatment possessed significant larger (p<0.05) total phenolic 
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content than their counterparts that received the same drying conditions except 5-min 
or 10-min blanching treatment was applied (Table 4.39). With better retention of 
phenolic contents in the methanol crude extracts, dried Ab received a 10-min 
blanching contained significant larger (/?<0.05) amount of total phenolic compounds 
than their counterparts that received the same drying conditions but with shorter or 
no blanching treatment, except the one dried at 60 °C for 12 hours (D2-F2) (Table 
4.40). 
4.3.5.2.2 Effect of drying time 
A longer drying time (12hr) caused an insignificant reduction of phenolic content in 
the methanol crude extracts of dried Aa, except a significant increase {p<0.05) was 
found between the one received no blanching and dried at 75°C (D3 & D4) (Table 
4.39). At lower drying temperature (60°C), only the dried Ab without blanching 
treatment possessed significant higher (p<0.05) phenolic content in the methanol 
crude extract with longer drying time (Al & Bl) (Table 4.40). However, at high 
drying temperature (75�C)，all dried Ab had significant higher (p<0.05) phenolic 
„ content in the methanol crude extracts with longer drying time (Table 4.40). 
Generally, a longer drying time did not affect the phenolic content in the water crude 
extracts of dried Aa, except that a longer drying time significantly decreased (p<0.05) 
the phenolic content in the water crude extracts of Aa dried at 60°C and with a 
10-min blanching treatment (Fl & F2) (Table 4.39). For dried Ab, a longer drying 
time did not affect the phenolic contents in the water crude extracts of those received 
no blanching treatment (Dl & D2; D3 & D4). Longer drying time, however, induced 
a significant increase (/7<0.05) and reduction for those received a 5-min and 10-min 
blanching treatment, respectively (Table 4.40). 
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A longer drying time generally did not affect the total phenolic content of dried Aa 
except those without blanching. For example, the total phenolic content of dried Aa 
received no blanching and dried at 60�C for 12 hours (D2) (25.4±1.53ng CE/mg) was 
significantly greater than (p<0.05) its counterpart that received the same drying 
treatment except shorter drying time was applied (Dl) (22.6±1.44}ig CE/mg). For 
dried Ab, the total phenolic content of those received no or 5-min blanching 
treatment significantly (p<0.05) enhanced with longer drying time. For example, the 
total phenolic content of dried Ab that received no blanching and dried at 60°C for 12 
hours (D2) (24.8土3.66|ig CE/mg) was significantly greater than (p<0.05) its 
counterpart that received the same drying treatment except shorter drying time was 
applied (Dl) (14.8±2.20|ag CE/mg). 
4.3.5.2.3 Effect of drying temperature 
Higher drying temperature (75°C) insignificantly reduced the phenolic content in all 
methanol crude extracts of dried Aa. Drying at 75°C for a shorter time (lOhr) did not 
affect the phenolic content of dried Ab; while drying at this temperature for longer 
^ time (12hr), significantly increased (p<0.05) the phenolic content in the methanol 
crude extracts of the dried Ab with 5-min and 10-min blanching treatment (E2 vs E4; 
F2 vs F4) (Table 4.39 & 4.40). 
It was found that drying at 75°C generally enhanced the level of phenolic content in 
the water crude extracts of dried Aa. For example, the phenolic content in the water 
crude extracts of dried Aa that received no blanching and drying at 75°C for 10 or 12 
hours (D3 & D4) (16.0±0.95|ig CE/mg & 14.8 士 0.82jig CE/mg) were significantly 
larger (/7<0.05) than their counterparts that received the same treatment except dried 
at 60°G (Dl & D2) (10.4土0.82^ig CE/mg & 12.0土0.92iig CE/mg) (Table 4.39). It 
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was noted the phenolic content of the water crude extracts from these two treatments 
(D3 & D4) ( t 52.3% & t 41.5%) exceeded that of fresh Aa over 40% (Table 4.39). 
On the contrary, drying at 75°C generally reduced the phenolic content in the water 
crude extracts of dried Ab. For instance, the phenolic content in the water crude 
extracts of dried Ab that received no blanching and drying at 75°C for 10 or 12 hours 
(D3 & D4) (7.09±0.45^ig CE/mg & 7.18±0.42^ig CE/mg) were significantly lower 
(p<0.05) than their counterparts that dried at 60�C (Dl & D2) (10.2 土 0.41 |ig CE/mg 
& 11.2 士 2.11 pg CE/mg) (Table 4.40). 
4.3.5.2.4 Effect of storage 
Compared with the dried mushrooms analyzed immediately after processing, the 
phenolic content in the methanol crude extracts of dried Aa and dried Ab after a 
4-month storage period was generally increased and decreased, respectively. The 
levels of phenolic compounds in the water crude extracts of the dried Aa and Ab were 
generally reduced after 4-month storage. The total phenolic content of dried Aa 
generally retained better after a 4-month storage, in which only Aa that received no 
„ blanching and dried at 75°C for 12 hours (Dl) had significant (p<0.05) reduction in 
total phenolic content (Table 4.41 & 4.42). 
After a 4-month storage period, the effect of blanching on mushroom phenolics in 
different mushroom extracts generally remained remarkable (not always significant), 
except the water crude extracts of dried Ab. For example, dried Aa that did not 
receive blanching (Al; Bl; CI; Dl) possessed significantly larger (p<0.05) amount 
of phenolic compounds in both of their methanol and water extracts, when compared 
with their counterparts that received 5-min or 10-min blanching treatment (Table 
4.41). In addition, most dried Ab that received a 10-min blanching treatment (A3; B3; 
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C3) had significantly larger (p<0.05) phenolic content in the methanol crude extracts 
and total phenolic content, when compared with their counterparts that received no or 
5-min blanching treatment (Table 4.42). These two trends were in good agreement 
with dried mushrooms analyzed immediately after processing. 
It was noted that the combination of 75°C and 12 hours would lead to the largest 
amount of phenolic compounds in the methanol crude extracts of both dried Aa (Dl) 
and Ab (D3). However, after a 4-month storage period, the phenolic content in the 
methanol crude extracts of both dried Aa and dried Ab decreased significantly 
(p<0.05) from 14.6 土 2.00pg CE/mg and 23.6 土 S.OOjig CE/mg to 11.4±0.86^ig 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.3.6 The Hydroxymethylfurfural (HMF) content 
4.3.6.1 Canning 
The concentration of HMF of the brine solutions, the methanol and water crude 
extracts of canned Aa and Ab under different canning conditions are shown in table 
4.43 and 4.44, respectively; while those of canned Aa and Ab after a 4-month storage 
period are shown in table 4.45 and 4.46，respectively. HMF, which is one of the most 
common intermediary products of Maillard reaction, is adopted as the marker of 
Maillard reaction. HMF could not be detected in both the methanol and water crude 
extracts of fresh Aa and Ab (Table 4.43 & 4.44). Generally, larger amount of HMF 
was found in the brine solutions, followed by the water crude extracts and the 
methanol crude extracts. After a 4-month storage period, the HMF content in all the 
brine solutions, the methanol and water crude extracts of canned Aa and Ab increased 
significantly (p<0.05) (Table 4.45 & 4.46). 
4.3.6.1.1 Effect of blanching 
Generally, blanching reduced the formation of HMF in the brine solutions, the 
. m e t h a n o l and water crude extracts of both canned Aa and Ab. For example, the HMF 
• content of the methanol crude extracts of canned Aa that received no blanching and a 
10-min sterilization treatment and without the addition of vitamin C (Al) 
(17.7±1.23)j,g/g) was significantly higher (p<0.05) than its counterparts that received 
the same treatment but with 5-min (Bl) (14.6±0.629|ig/g) or 10-min (13.3±1.59|ig/g) 
blanching treatment (Table 4.43). Further increase in the blanching time (from 5 to 
10 min) generally resulted in a further decrease in HMF formation, but significant 
reduction was only found in some cases (Table 4.43 & 4.44). 
i 
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4.3.6.1.2 Effect of sterilization time 
A longer sterilization time generally increased the HMF content in the brine solutions, 
the methanol and water crude extracts of canned Aa. For example, the HMF content 
of the methanol crude extracts of canned Aa that received no blanching and a 20-min 
sterilization treatment and without the addition of vitamin C (A3) (23.6±1.01|ig/g) 
was significantly higher (/7<0.05) than its counterpart that received the same 
treatment but with shorter sterilization time (Al) (17.7±1.23|ag/g) (Table 4.43). 
For canned Ab, the effect of sterilization time on the formation of HMF was 
depended on the addition of vitamin C. Without the addition of vitamin C, an 
increase in sterilization time generally did not affect (p>0.05) the HMF content in the 
methanol and water crude extracts of canned Ab (Table 4.44). However with the 
addition of vitamin C, an increase in sterilization time normally increased the 
formation of HMF in the brine solutions, the methanol and water crude extracts of 
canned Ab. For example, the crude extract of canned Ab that received a 5-min 
blanching and 20-min .sterilization and with the addition of vitamin C (B4) 
• (26.3士0.760jig/g) possessed significantly larger (p<0.05) amount of HMF than its 
counterpart that received the same treatment except shorter sterilization time was 
applied (B2) (23.1 士 1.76ng/g) (Table 4.44). 
4.3.6.1.3 Effect of addition of vitamin C 
The addition of vitamin C significantly enhanced (p<0.05) the HMF formation in 
most brine solutions, the methanol and the water crude extracts of both canned Aa 
andAb (Table 4.43 & 4.44). 
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4.3.6.1.4 Effect of storage 
After a 4-month storage period, the HMF content of the brine solutions, the methanol 
crude extracts as well as the water crude extracts of both canned Aa and Ab was 
increased significantly (p<0.05). In some cases, the HMF content was enhanced to 
nearly twice of the original one. For example, the HMF content of the canned Aa that 
received a 20-min blanching without the addition of vitamin C and treated with 
different blanching treatment (A3-C3) (23.6±1.01|ig/g; 21.1±0.604^g/g 
18.3士0.423|ig/g) was nearly duplicated to 4L5±1.68iig/g, 37.2土 1.006|ig/g and 
32.7士0.710|ig/g, respectively (Table 4.43-4.46). 
4.3.6.2 Drying 
The concentration of HMF of the methanol and water crude extracts of canned Aa 
and Ab under different canning conditions before and after 4-month storage are 
shown in table 4.45 and 4.46，respectively. Similar to canning, the HMF content in 
both the methanol and water crude extracts of canned Aa and Ab increased 
significantly (p<0.05) after a 4-month storage period. 
4.3.6.2.1 Effect of blanching 
Generally, a longer blanching time generally reduced the formation of HMF in the 
methanol and water crude extracts of dried Aa. For example, the HMF content of the 
methanol crude extract of dried Aa that received a 5-min blanching and dried at 60°C 
for 10 hours (El) (19.4±1.25^ig/g) was significantly lower (p<0.05) than its 
counterpart that received the same treatment except no blanching was applied (Dl) 
(37.6±2.97^g/g) (Table 4.47). Further increase in blanching time from 5 to 10 
minutes generally further reduced the HMF formation, but significant reduction was 
only found in a few cases (Table 4.47). 
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On the contrary, longer blanching time generally enhanced the formation of HMF in 
the methanol crude extracts of dried Ab. For example, the methanol crude extract of 
dried Ab that received a 10-min blanching time and dried at 75°C for 12 hours (F4) 
(32.6士 1.078)ag/g) possessed significantly larger (/7<0.05) amount of HMF than its 
counterpart that received the same treatment except no blanching was applied (D4) 
(25.6±0.879|ig/g) (Table 4.48). On the other hand, an increase in blanching time 
significantly reduced (p<0.05) the HMF content in all the water crude extracts of 
dried ^Zj (Table 4.48). 
4.3.6.2.2 Effect of drying time 
The effect of drying time on the HMF formation in the methanol crude extract of 
dried Aa was also depended on the drying temperature. At lower drying temperature, 
a longer drying time enhanced remarkably (not always significant) the formation of 
HMF in the methanol crude extract of canned Aa. For example, the methanol crude 
extract of dried Aa that received a 10-min blanching time and dried at 60°C for 12 
hours (F2) (25.1 士2.96)ig/g) possessed significantly larger (p<0.05) amount of HMF 
- t h a n its counterpart that received the same treatment except shorter drying time was 
used (Fl) (18.9±1.024jig/g) (Table 4.47). However, longer drying time accompanied 
by a higher drying temperature significantly reduced (p<0.05) the formation of HMF 
in the methanol crude extract of dried Aa (Table 4.47). For instance, the methanol 
crude extract of dried Aa that did not receive blanching treatment and dried at 75°C 
for 12 hours (D4) (14.4±1.91|ag/g) possessed significantly lower (p<0.05) HMF 
content than its counterpart that received the same treatment except shorter drying 
time was used (D3) (38.7士 1.56iig/g) (Table 4.47). Longer drying time generally 
enhanced (though not always significant) the HMF formation in the methanol crude 
extract of dried ^Z) (Table 4.48). 
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An increase in the drying time generally did not affect the HMF content in the water 
crude extract of dried Aa. For dried Ab, drying at a lower temperature for a longer 
time did not affect the the HMF content in the water crude extract of dried Ab; while 
a longer drying temperature together with a higher temperature remarkably increased 
the HMF formation in the water crude extract of dried Ab. For example, the water 
crude extract of dried Ab that did not receive blanching treatment and dried at 75�C 
for 12 hours (D4) (56.3±1.52|ag/g) possessed significantly higher (p<0.05) HMF 
content than its counterpart that received the same treatment except shorter drying 
time was used (D3) (32.2士 1.15昭/g) (Table 4.48). 
4.3.6.2.3 Effect of drying temperature 
A higher drying temperature together with a shorter drying time generally enhanced 
the formation of HMF in both the methanol and water crude extracts of dried Ab. For 
example, the methanol crude extract of dried Aa that received a 10-min blanching 
and dried at 75°C for 10 hours (F3) (28.2土 1.96|j_g/g) possessed significant larger 
amount of HMF (p<0.05) than its counterpart that received the same treatment but 
- w i t h lower drying temperature (Fl) (18.9±1.024pig/g) (Table 4.47). However, the 
combination of high drying temperature and longer drying time generally reduced the 
HMF formation in the methanol crude extracts of dried Aa, but enhanced it in the 
water crude extracts of the same mushroom. For example, the HMF content in the 
methanol crude extract of dried Aa that received no blanching and dried at 75°C for 
12 hours (D4) (14.4±1.91|ig/g) was only one-third of its counterpart that received the 
same treatment except drying at lower temperature (D2) (40.7±3.00^g/g) (Table 
4.47). On the contrary, the concentration of HMF in the water crude extract of dried 
Aa that did not receive any blanching treatment and dried at 75°C for 12 hours (D4) 
(45.3±3‘ll|_ig/g) was significantly higher (p<0.05) than its counterpart that received 
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the same treatment but with lower drying temperature (D2) (36.8±0.171|ig/g) (Table 
4.47). 
For dried Ab, higher drying temperature generally reduced the HMF content of the 
methanol crude extract, especially with shorter drying time. For example, the HMF 
content of dried Ab that was blanched for 5 minutes and dried at 75°C for 10 hours 
(E3) (14.2±1.93ia.g/g) was only half of its counterpart that received the same 
treatment but dried at lower temperature (El) (30.6土 1.55|ig/g) (Table 4.48). On the 
contrary, an increase in drying temperature generally enhanced the HMF content of 
the water crude extracts of dried Ab, especially with longer drying time. 
4.3.2.6.4 Effect of storage 
After a 4-month storage period, the HMF content of all the methanol and water crude 
extracts of dried Aa and Ab enhanced significantly (/7<0.05) (Table 4.47 & 4.48). The 
effects of blanching, drying time and drying temperature were remained the same as 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Canning generally reduced the total phenolic content and the antioxidant activity of 
the methanol and water crude extracts of Aa and Ab in terms of ABTS radical cation 
scavenging activity, FRAP, inhibition of p-carotene bleaching and hydroxyl radical 
scavenging activity, but gradually enhanced the formation of HMF. The loss of 
antioxidant activities in the methanol crude extracts was generally greater than that in 
the water crude extracts for both mushrooms. The presence of phenolic compounds 
and antioxidant activities in the brine solutions accounted for the decrease of 
phenolic content and antioxidant activities in the methanol and water crude extracts 
of canned mushrooms. 
The effects of different parameters in canning on the antioxidant activities and 
antioxidant components in the crude extracts and brine solutions of Aa and Ab are 
summarized in table 4.49 and 4.50, respectively. Blanching generally reduced the the 
total phenolic content, the HMF content, and the antioxidant activities of the brine 
solutions and the methanol and water crude extracts of both canned Aa and Ab, in 
- terms of ABTS radical cation scavenging activity, FRAP value, inhibition of 
p-carotene bleaching and hydroxyl radical scavenging activity (Table 4.49 & 4.50). 
An increase in sterilization time enhanced the antioxidant activities (except inhibition 
of P-carotene bleaching) of the mushroom crude extracts, especially without the 
addition of vitamin C to the brine solutions (Table 4.49 & 4.50). The increase in 
sterilization time also provided better retention of phenolic compounds and 
formation of HMF in the methanol crude extracts and brine solutions. The addition 
of vitamin C accompanied with shorter sterilization time generally enhanced the 
ABTS radical cation scavenging activity and reducing power of the mushroom crude 
extracts and especially the brine solutions; however, it significantly reduced (p<0.05) 
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the hydroxyl radical scavenging activity of the crude extracts and brine solutions of 
canned Aa and Ah (Table 4.49 & 4.50). Fortification with vitamin C to the brine 
solutions also enhanced the formation of HMF, but it generally did not affect the total 
phenolic content in the mushroom crude extracts and brine solutions, except the 
methanol crude extract of Ab (Table 4.49 & 4.50). 
After 4-month storage, blanched mushrooms usually had less phenolic compounds 
and HMF as well as a greater reduction in the antioxidant activities in their crude 
extracts as well as the brine solutions. The increase in sterilization time still enhanced 
the antioxidant activities (except inhibition of p-carotene bleaching), the phenolic 
content and the HMF content of the methanol crude extracts of canned mushrooms 
after 4-month storage. The addition of vitamin C to the brine solutions enhanced the 
formation of HMF and provided better retention of phenolic content as well as 
antioxidant activities in terms of ABTS radical cation scavenging activity and 
reducing power during storage. Condition A4, which involved no blanching and a 
20-min sterilization treatment along with the addition of vitamin C, provided the best 
- protection of the antioxidant activity and phenolic content for both canned 
mushrooms. 
Similarly, drying gradually reduced the phenolic content and the antioxidant activity 
of the methanol crude extracts of Aa and Ab. However, drying only slightly reduced 
the phenolic content and the antioxidant activity of the water crude extracts. In some 
cases, the FRAP value and the inhibitory effect of p-carotene bleaching of the water 
crude extracts of dried Aa and Ab were even enhanced by the drying process (Table 
4.15 & 4.16，Table 4.23 & 4.24). For example, the FRAP value and inhibitory effect 
of p-carotene bleaching of the water crude extracts of dried Ab increased by 2.18% to 
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79.5% and 4.23% to 25.8%, respectively (Table 4.16 & 4.24). 
The effects of different parameters in drying on the antioxidant activities and 
antioxidant components in the crude extracts of Aa and Ab are summarized in table 
4.51 and 4.52, respectively. The effect of blanching on mushroom antioxidants was 
different in the two mushrooms. Blanching generally significantly (p<0.05) reduced 
the phenolic and HMF content as well as the antioxidant activities of the methanol 
and water crude extracts of dried Aa (Table 4.51); but it mostly enhanced those of the 
methanol crude extracts of dried Ab (Table 4.52). Longer drying time accompanied 
with lower drying temperature enhanced the HMF formation as well as the 
antioxidant activities including reducing power and hydroxyl radical scavenging 
activity of the methanol crude extracts of dried Aa and Ab (Table 4.51 & 4.52). 
Higher drying temperature together with shorter drying time enhanced the phenolic 
and HMF content as well as the antioxidant activities of most of the crude extracts 
from dried Aa (Table 4.51), but this condition generally reduced those of the crude 
extracts from dried Ab (Table 4.52). Dried Ab with higher temperature and longer 
- time generally possessed higher phenolic and HMF content as well as the antioxidant 
activities in their crude extracts when compared to their counterparts. 
After 4-month storage, blanched Aa usually possessed less phenolic compounds and 
HMF as well as a greater reduction in the antioxidant activities in their crude extracts 
(Table 4.51). Similar to those without storage，dried Ab with 10-min blanching 
generally possessed higher antioxidant activities (except the inhibition of P-carotene 
bleaching) and total phenolic content than their counterparts having the same 
treatments without blanching. Despite the enhancement of antioxidant activities in 
dried Aa with the increase in drying time before storage, Aa dried with longer drying 
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time generally demonstrated greater reduction in phenolic content and antioxidant 
activities in most assays in their methanol crude extracts. On the contrary, Ab dried 
with longer drying time had better retention of antioxidant activities during the 
period of storage. The antioxidant activity and total phenolic content of the methanol 
crude extracts of both mushrooms that dried at higher temperature and longer time 
was gradually reduced after a 4-month storage. Ccondition D3, which involved no 
blanching and drying at 75°C for 10 hours, provided the best protection of the 
antioxidant activity and phenolic content for dried Aa before and after storage. 
Condition F3, which involved 10-min blanching and drying at 75°C for 10 hours, 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































4.5.1 Reduction of antioxidant activities in mushrooms by heat treatment 
The antioxidant activities of both methanol and water crude extracts of heat-treated 
Aa and Ab were found to be lower than the raw ones in terms of the ABTS radical 
cation scavenging activity (4.3.1)，the Ferric Reducing Antioxidant Power (FRAP) 
(4.3.2)，the inhibition of p-carotene bleaching (4.3.3) as well as the hydroxyl radical 
scavenging activity (4.3.4). These results demonstrated that both canning and 
oven-drying would substantially reduce the antioxidant activities of edible 
mushrooms, depending on the particular processing conditions. Thermal degradation 
of antioxidant components, particularly the mushroom phenolics, accounts for the 
loss of antioxidant activities after thermal processing. The gradual reduction of 
phenolic content after thermal processing and high correlations (Table 4.53 & 4.54) 
between the phenolic content and the antioxidant activities in most extracts of 
processed mushrooms (esp. dried mushrooms) indicated the reduction of antioxidant 
activities after thermal processing was attributable to the reduction of phenolic 
compounds. 
The loss of antioxidant activities in the methanol crude extracts was generally greater 
than that in the water crude extracts for both heat-processed mushrooms, especially 
for the dried mushrooms. For example, the percentage change of ABTS scavenging 
activity of the methanol crude extracts of dried Ab (before storage) was from |56.9% 
to t21.6%; while that of the water crude extracts of the same batch of canned Ab was 
from t53.0% to 1108.4% (Table 4.8). This can be attributed to three reasons: i) 
release of conjugated phenolic compounds to mushroom matrix (Choi et al.，2006); ii) 
heat-sensitive non-polar phenolic compounds and iii) formation of novel antioxidant 
compounds [e.g. Maillard Reaction Products (MRPs)] (Nicoli et al.，1997). 
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Phenolic compounds found in fruits and vegetables are generally bound covalently to 
the amine functional groups and are esterified to glycosides (Jiratanan & Liu, 2004), 
which are susceptible to thermal treatment. Upon canning or oven-drying, free polar 
phenolic compounds that are liberated from phenolic glycosides compensate for the 
loss of the natural phenolic compounds by thermal degradation in the water crude 
extracts of mushrooms. In addition, it was reported that heat treatment could convert 
insoluble phenolic compounds to soluble phenolics (Jeong et al., 2004). The total 
water-soluble phenolic content, which is the summation of phenolic content in the 
water crude extract and the brine solution, was generally larger than that of the fresh 
ones, indicating that some non-polar phenolic compounds were released to the polar 
fraction (4.3.5). Solubilization of conjugated non-polar phenolic compounds as the 
water-soluble one was also demonstrated in rooibos tea (Joubert, 1990). 
Being the major antioxidant contributor to the methanol crude extracts, phenolic 
compounds, however, are generally thermally unstable and have a high tendency to 
oxidation, polymerization and condensation (Vivar-Quintana et al., 1999). The 
. reaction products of these phenolic compounds may loss their antioxidant activities 
and are generally soluble in water, which explain the observed losses in the methanol 
crude extracts. For the water crude extracts, apart from the phenolic compounds, 
other bioactive molecules, including the water-soluble polysaccharides (Liu et al., 
1997)，are generally more thermal stable so the antioxidant activity of water crude 
extracts can be preserved well despite the substantial reduction in the phenolic 
compounds. 
In addition, Maillard reaction occurs when sugars condense with free amino acids, 
peptides' or proteins under thermal treatment to form of a wide variety of brown 
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melanoidins and other intermediary products, which can act as antioxidants in terms 
of chain-breakers, oxygen scavengers and metal chelating agents (Nicoli et al., 1997). 
Formation of MRPs compensates for the loss of antioxidant activity of water crude 
extracts due to thermal degradation of natural antioxidant components such as 
phenolic compounds. The correlations between the HMF content and the antioxidant 
activities determined in most assays (Table 4.56) were strong (p<0.01) (e.g. 
0.437 to 0.697 in the water extracts of dried Aa) for the water crude extracts of dried 
mushrooms, indicating that MRPs might be responsible for the retention of 
antioxidant activities in the water crude extracts of dried mushrooms. However, the 
HMF content did not correlate well with the antioxidant activities of the water crude 
extracts of canned mushrooms. 
4.5.2 Effect of blanching 
Blanching is an essential step in thermal processing with the aim to eliminate 
undesirable enzymatic reactions [e.g. Polyphenoloxidases (PPOs)] and bacterial 
spoilage that reduce the quality and antioxidant activities of the final products. _ 
- However, prolonged blanching treatment reduces the antioxidant activities of food 
due to leaching of antioxidant components to the blanching medium. 
In the present study, blanching prior to canning remarkably reduced the antioxidant 
activities of both mushrooms when compared to the imblanched ones. On the other 
hands, blanching prior to oven-drying also greatly reduced the antioxidant activities 
of Aa but enhanced the antioxidant activities of Ab. The discrepancy in the effect of 
blanching in canning and oven-drying of Ab can be explained by the difference in the 
mechanisms of two processing methods. Canning involves severe sterilization 
procedure in which nearly all enzymes and bacteria are denatured within 5-10 
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minutes, while drying inactivates enzymatic reactions and bacterial spoilage by 
gradual reduction of water content in several hours. Inactivation of enzymatic and 
bacterial reactions by blanching must be sufficient prior to the drying process as 
enzymatic and bacterial reactions can still proceed at relative lower drying 
temperature and during the time taken to achieve ideal (12% or lower) moisture 
content (Cai et al., 2004). So longer blanching time ensures better inhibition of 
enzymatic and bacterial reactions, thus provides better retention of antioxidant 
activities of dried Ab. On the contrary, the purpose of blanching prior to canning to 
eliminate PPO activities becomes less important as the following sterilization step 
has already provided sufficient denaturation of enzymes and bacteria within a 
relative short period of time. The discrepancy in the effect of blanching between the 
two mushrooms may be attributable to the difference in the surface area-to-volume 
ratio (SA/V). The SA/V is an important parameter for heat penetration in blanching. 
Previous report had demonstrated that insufficient hot-water blanching of mushroom 
with low SA/V resulted in incomplete enzyme inhibition (Devece et al., 1999). Due 
to the lower surface area-to-volume ratio in Ab, 10-min blanching treatment was just 
- enough to eliminate the enzymatic activity in Ab, while the excess blanching 
treatment allowed phenolic compounds to be leached away in Aa. 
4.5.3 Effect of sterilization time 
Longer sterilization time generally increased the antioxidant activity in terms of 
FRAP and hydroxyl radical scavenging activity of the methanol crude extracts of 
canned mushrooms. 
It was found that the FRAP value of the methanol crude extracts of canned Aa that 
received any blanching treatment and without the addition of vitamin C as well as 
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sterilized for 20 minutes was significantly higher (p<0.05) than their counterparts 
that received the same treatments except shorter sterilization time was applied (Table 
4.11). The same trend was observed in the phenolic content of the same crude 
extracts (Table 4.35). The increase in phenolic content in the methanol crude extracts 
might contribute to the enhancement of antioxidant activity after longer sterilization 
time was applied. The enhancement of phenolic content in the methanol crude 
extracts can be attributable to the release of conjugated phenolic compounds from the 
cell walls to mushroom matrix (Puupponen-Pimia et al., 2003). As mentioned in 
4.5.1, thermal treatment might induce structure disruption which resulted in 
increased bioavailability and liberation of both free non-polar and polar phenolic 
compounds from their conjugated form. The non-polar phenolic compounds stayed 
in the methanol crude extracts, resulting in an increase of phenolic content and 
antioxidant activity. 
Another reason for the enhancement of the antioxidant activity of the methanol crude 
extracts of canned mushrooms after a longer sterilization time was the formation of 
MRPs with antioxidant activity. It was found that longer sterilization time generally 
caused a significant increase (p<0.05) in the HMF content of the methanol crude 
extracts of canned mushrooms (Table 4.43 & 4.44). 
However, the phenolic content in the methanol crude extracts of canned Aa did not 
always increase with the antioxidant activity (e.g. ABTS) with increased sterilization 
time. For example, the phenolic contents in the methanol crude extracts of canned Aa 
that received 0-10 min blanching treatment and 20-min sterilization without the 
addition of vitamin C (A3-C3) were significantly larger than (p<0.05) their 
counterparts that received the same treatment except shorter sterilization time 
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(Al-Cl) (Table 4.35). However, there was no significant difference (p>0.05) 
between these two groups in terms of ABTS radical cation scavenging activity. This 
might be because newly formed phenolic compounds, which were generated by 
progressive polymerization (Rababah et al., 2005), were ineffective in scavenging 
ABTS radical cation. 
4.5.4 Effect of drying time and temperature 
Drying is often associated with the loss of the natural antioxidant in food due to the 
higher susceptibility of interior lipid droplets when the protective hydrated layers at 
the food surfaces are removed (Frankel et ah, 1996). However, a longer drying time 
generally provided better retention of antioxidant activity in the methanol crude 
extracts of dried mushrooms in the present study. Similar findings were reported as 
the free polyphenolic content, the ABTS scavenging activity and DPPH scavenging 
activity of autoclaved Ab were increased by 1.9-fold, 2.0-fold and 2.2-fold with 
respect to the raw sample, respectively (Choi et al., 2006). The increased 
bioavailability of phenolic compounds and formation of MRPs would compensate 
for the loss in lipid peroxidation and natural antioxidants. 
The ABTS scavenging activity, reducing power and hydroxyl radical scavenging 
activity of the methanol crude extract of dried mushrooms increased along with the 
enhancement of phenolic content in which a very strong positive correlation (p<0.01) 
was found between the phenolic content and the antioxidant activities in the 
methanol crude extracts of both dried Aa and Ab. For example, the correlation 
coefficients (R^) of the total phenolic content and the antioxidant activities 
determined by ABTS, FRAP and OH were all over 0.799 before and after the 
storage period (Table 4.54). Similarly, the increase in antioxidant activity of the 
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methanol crude extracts may be attributable to the liberation of phenolic compounds 
and increased bioavailability from disruption of mushroom cell walls and other 
structures (Puupponen-Pimia et al., 2003). 
In addition, longer drying time and higher drying temperature generally enhanced the 
formation of HMF and hence the MRPs. High positive correlations (mostly /KO.Ol) 
found between the HMF content and the antioxidant activity (e.g. ABTS, FRAP, 
hydroxyl radical) of the methanol crude extracts of dried mushrooms indicated that 
MRPs might be one of the key contributor in the enhancement of antioxidant activity 
of dried mushrooms (Table 4.56). 
4.5.5 Effect of the addition of vitamin C 
The addition of vitamin C generally improved the antioxidant activity of both the 
methanol and water crude extracts of canned Aa, and enhanced that of the methanol 
crude extracts of canned Ab. These indicated that addition of vitamin C to the brine 
solution did not only protect the antioxidant activity in the polar fraction but also . 
. retain that in the non-polar fraction. 
Vitamin C could improve the antioxidant activity of the methanol and water crude 
extracts by four different ways: i) sacrificial protection to enzymatic oxidation, ii) 
regeneration of phenolic compounds, iii) involvement of the formation of MRPs, and 
iv) residual antioxidant activity. During the time between filling and sterilization 
( � 1 - 2 hours in this study), oxidation by enzymes and bacteria that were not 
completely denatured after blanching (especially those without blanching) was 
limited by the addition of ascorbic acid. Ascorbic acid, despite its heat-labile nature, 
can protect the phenolic compounds in mushrooms by sacrificial protection prior to 
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sterilization. Phenolic compounds can be regenerated by the coupled oxidation 
reactions between the ascorbic acid with the quinines formed during oxidation of the 
phenolic compounds (Caro et al., 2004), prior to or during the thermal treatment. 
Both ascorbic acid and polyphenols can act as a reagent in the formation of new 
MRPs (Caro et al., 2004, Nicoli et al., 1999). The presence of ascorbic acid hence 
reduces the consumption of phenolic compounds in the Maillard Reactions. Phenolic 
compounds are relatively thermal stable than ascorbic acid; better retention of 
phenolic compounds along with MRPs formation hence enhanced antioxidant 
activity of mushroom crude extracts. In addition, the residual ascorbic acid also 
accounted for the improvement of ABTS scavenging effect and reducing power in 
water crude extracts and the brine solutions. Obviously, the antioxidant activity 
(ABTS scavenging effect and reducing power) of the brine solutions with the 
addition of vitamin C added was significantly higher (/7<0.05) than those without the 
addition of vitamin C; while the inhibition of P-carotene and scavenging activity of 
the brine solutions with the addition C added was significantly lower (p<0.05) than 
their counterparts but without the addition of vitamin C. Owing to the excellent 
reducing ability, the presence of ascorbic acid enhances the scavenging activity of 
w 
ABTS radical activity as well as the reducing power of the brine solutions. However, 
it has been proven to possess pro-oxidant effect in P-carotene linoleic acid system 
(Gazzani et al., 1998) as well as the scavenging activity of hydroxyl radical that is 
also generated by ascorbic acid in the iron-EDTA system (Harriwell et al.，1987). The 
concentration effect of residual ascorbic acid during freeze-drying amplified the 
interferences in those assays and the ABTS radical cation scavenging activity and 
FRAP value of brine solutions were overestimated. 
In the present study, the loss of phenolic compounds remarkably reduced (1.0-1.8 
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folds) (Table 4.35 & 4.36) with the addition of vitamin C along with shorter 
sterilization time in the methanol crude extracts of canned Aa and Ab. In a previous 
study, vitamin C was also found to reduce the loss of phenolic compounds in canned 
mushroom by three folds (Vivar-Quintana et al , 1999). The greater retention of 
vitamin C in the previous study might be because the phenolic content was 
determined by the Folin-Ciocalteu method, in which vitamin C interfered and 
overestimated the measurement of total phenolic content since vitamin C was added. 
However, vitamin C added together with longer sterilization time generally did not 
enhance the antioxidant activity in terms of ABTS scavenging activity of the 
methanol crude extracts of canned Aa and Ab (Table 4.3 & 4.4). The discrepancy 
may be attributed to the thermal degradation of vitamin C during prolonged 
sterilization time, reducing its role in the preservation of antioxidant activity. 
4.5.6 Changes during storage 
It was found that a 4-month storage generally substantially reduced the antioxidant 
activity of both the methanol and water crude extracts of canned Aa and Ab in terms 
of ABTS scavenging activity, FRAP value, inhibitory effect of p-carotene bleaching 
as well as the hydroxyl radical scavenging activity. The gradual loss of antioxidant 
activity during storage might be attributed to the significant reduction in phenolic 
content due to oxidation or polymerization. Despite the loss of phenolic compounds 
during storage, the antioxidant activity of canned mushrooms was found to be 
positively correlated with the phenolic content after a 4-month storage (Table 4.49), 
showing that the residual mushroom phenolics became even more important to the 
antioxidant activity of mushrooms after storage. 
With the addition of vitamin C, the ABTS scavenging activity and reducing power of 
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the methanol crude extracts of canned Aa and Ab was maintained better after a 
4-month storage when compared to their counterparts that received the same 
treatments except vitamin C was not added; while that of the water crude extracts of 
canned Aa and Ab was generally similar to those without the addition of vitamin C. 
Surprisingly, the addition of water-soluble vitamin C protected the antioxidant 
activity in organic fractions better. This may be attributed to the fact that the 
formation of MRPs was facilitated and "polar paradox" with the presence of vitamin 
C. Although no significant difference (p>0.05) was observed in the phenolic content 
of the methanol crude extracts of canned mushrooms (except the methanol extract of 
canned Ab) with or without the addition of vitamin C (Table 4.35 & 4.36), the 
gradual formation of MRPs (p<0.05) during storage may contribute to the 
enhancement of the antioxidant activity in both the methanol and water crude 
extracts. Larger amount of HMF was formed in the methanol crude extracts of 
canned mushrooms when ascorbic acid was fortified to the brine solutions (Table 
4.41-4.44) after a 4-month storage, indicating that the presence of ascorbic acid not 
only facilitated the formation of new MRPs during thermal processing (4.5.5) but 
also enhanced it during storage. The stronger correlations between the HMF and the 
antioxidant activity (except inhibition of p-carotene bleaching of canned Aa) after 
4-month storage (Table 4.55) further verified that MRPs were the key contributors in 
antioxidant activity after a 4-month storage. In addition, when studying the 
antioxidantive properties of complex foods, it must be taken into account that 
water-soluble antioxidants could protect lipids better than lipid-soluble antioxidants, 
due to the so-called 'polar paradox' (Nicoli et al., 1999), in which the water-soluble 
antioxidants limited lipid peroxidation by reducing the contact between lipids and air. 
The synergic effect between the phenolic compounds, MRPs and residual vitamin C 
might also provide better antioxidant activities in the different assays. 
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Despite the strong correlations between the antioxidant activity and HMF content in 
the methanol crude extracts of canned mushrooms, only weak correlations were 
found in the water crude extracts of canned mushrooms (Table 4.55). This 
phenomenon demonstrated that the antioxidant activity of MRPs depended on the 
polarity of the MRPs, in which those with higher polarity might be less effective in 
chain-breaking or even had pro-oxidant effect (e.g. ABTS & FRAP) in the water 
crude extracts of canned mushrooms (Table 4.55). 
For drying, a 4-month storage generally reduced the antioxidant activity in terms of 
ABTS radical cation scavenging activity and reducing power of the methanol crude 
extracts of dried mushrooms, but enhanced that of their water crude extracts. The 
reduction of the antioxidant activity in the methanol crude extracts may be attributed 
to the loss of phenolic compounds after a 4-month storage (Table 4.41 & 4.42). 
Similar to those without storage, better retention of antioxidant activity in the water 
crude extracts after a 4-month storage might be due to the solublization of conjugated 
phenolic compounds and formation of MRPs. Despite the degradation of phenolic 
compounds in the methanol crude extracts during storage, the phenolic content in the 
water crude extracts of dried mushrooms was sometimes remained unchanged or 
even enhanced (Table 4.41 & 4.42), suggesting that some new phenolic compounds 
were released from the conjugated form or generated during the storage time. The 
strong positive correlations (e.g. R^ = 0.801 to 0.955,/KO.Ol for the methanol crude 
extracts of dried mushrooms) between the antioxidant activities (except P-carotene) 
and the phenolic content of the methanol and water crude extracts in dried 
mushrooms demonstrated that phenolic compounds were the key contributors in both 
the water and methanol fractions in dried mushrooms. The formation of MRPs also 
accounted for the enhancement of antioxidant activities in both extracts of dried 
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mushrooms, in which positive correlations were found in most cases after a 4-month 
storage (Table 4.56). 
The effect of blanching after storage was similar to that without storage but in a more 
significant way, in which longer blanching time would induce larger reduction in the 
antioxidant activity as well as the phenolic content in the methanol crude extracts of 
canned mushrooms and that of dried Aa, but would enhance that of dried Ab. This 
indicated that a higher initial amount of phenolic compounds in the methanol crude 
extracts of heat-treated mushrooms would have better protection of antioxidant 
activity as well as phenolic content after a period of storage time. 
Although the combination of higher drying temperature and longer drying time 
induced good retention of antioxidant activity in terms of ABTS scavenging activity 
and FRAP value especially for dried Ab, these antioxidant activities decreased 
gradually after a 4-month storage. For example, the FRAP value of the methanol 
crude extracts of dried Ab received a 10-min blanching and dried at 75°C for 12 
” hours (D3) [17.0土 1.43 mM Fe(II)E] reduced to nearly a half [8.41 土 1.11 mM Fe(II)E] 
after a 4-month storage. The sharp reduction might be attributable to the 3-fold 
reduction in phenolic content from 23.6±3.00|ig CE/mg to 7.22土 1.21 jag CE/mg, 
indicating that the modified or newly formed phenolic compounds upon drying at 
high temperature for prolonged time are sensitive to light or other external factors, 
which gradually degrade them during the storage period. 
It is noted that there was no significant difference (p>0.05) between the ABTS 
scavenging activity and reducing power of the brine solutions with or without the 
addition, of vitamin C, which were previously (before storage) interfered by the 
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residual vitamin C. This indicated that the residual vitamin C was gradually degraded 
in the brine solutions during the storage time. 
4.5.7 Difference in canning and drying 
Generally, canning resulted in larger reduction in the antioxidant activity of both the 
methanol and water crude extracts of mushrooms when compared to the fresh ones. 
Although drying also remarkably decreased the antioxidant activity of the methanol 
crude extracts of mushrooms, it mostly enhanced that of the water crude extracts of 
mushrooms. This discrepancy can be attributed to i) the severity of the two thermal 
processes, ii) leaching effect of water-soluble antioxidant components, and iii) the 
likelihood of formation of MRPs. 
In the present study, canning involved a 10-min or 20-min sterilization at 115°C 
while drying involved 10-hour or 12-hour thermal treatment at 60 or 75°C. The 
degree of thermal degradation and modification of the phenolic compounds depends 
predominately by the processing temperature, hence canning induced greater loss of 
. natural phenolic compounds in mushrooms than in drying. 
Both canning and drying would lead to disruption of cell wall and caused liberation 
of free polar or non-polar phenolic acids from the conjugated one. The large 
difference found between the hydrophilic antioxidant activities of these two heat 
treated mushrooms might be due to the fact that the phenolic compounds liberated 
during thermal degradation of cell wall remained in the dried Aa and Ab’ and were 
lost by leaching in the brine solutions in canned mushrooms. The presence of the 
antioxidant activities found in the brine solutions confirmed that some antioxidant 
components were leached out into the brine solutions. 
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Despite the ineffectiveness of polar MRPs in the contribution of antioxidant activity 
in canning, polar MRPs were found to be another key contributor in the antioxidant 
activity of dried mushrooms. This discrepancy might be due to differences in the 
nature and amount of MRPs formed under two thermal treatments. The rate of 
Maillard reaction depends on the temperature, pH, moisture content, and the 
structure of amino acids and sugars involved (Amoldi, 2001). The Maillard reaction 
proceeds faster at low moisture level and pH>7 (Amoldi, 2001) (pH<6 of brines in 
canned mushrooms), explaining for the larger HMF content found in the dried 
mushrooms. The pro-oxidant activities (e.g. p-carotene) found in the brine solutions 
of canned mushrooms can be explained by the development of compounds having 
pro-oxidant properties under relatively high humidity conditions, which are 
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 Conclusions 
Thermal processing of mushrooms normally involves the addition of interfering 
substances that would affect the determination of their phenolic content when 
measured by the traditional Folin-Ciocalteu method (FC method). To analyze the 
total phenolic content in the heat-treated mushroom extracts more accurately, a new 
enzymatic method was adopted and its conditions were optimized. A 1:9 
sample-to-reagent ratio provided the highest linearity between the sample 
concentration with the absorbance and a 15-min incubation time was sufficient for 
both phenolic standards and mushroom extracts to complete the reactions. The 
responses of phenolic standards and mushroom extracts to this method were 
compared with those of the FC method. It was found that the responses towards the 
two assays were closely related to their structures, probably due to the difference in 
the mechanism involved. Having higher specificity towards phenolic compounds and 
almost free from interferences of other antioxidants (e.g. vitamin C), the enzymatic 
method was adopted for the screening of mushroom phenolics and the subsequent 
investigation of the influence of thermal processing. 
Four mushroom candidates [Agrocybe aegerita (Aa), Vohariella volvacea (Vv), 
Lentinus edodes {Le) and Agaricus bisporus {Ab)] were selected for screening based 
on due to their popularity to consumers, susceptibility to deterioration when in flesh 
form, suitability to be handled in processed form, and demonstrated antioxidant 
activities in previous publications. For the methanol crude extract, Ab and Aa 
generally demonstrated the strongest antioxidative properties. In particular, Ab 
possessed the highest antioxidant activities in ABTS, DPPH, FRAP and • OH assays 
as well as contained the largest amount of total phenolic compounds; Aa showed the 
highest inhibition percentage in 召-carotene bleaching assay and ranked second in 
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ABTS, DPPH and • OH assays as well as contained the second largest amount of 
phenolic content. For the water crude extract, Aa possessed the highest antioxidant 
activity in all antioxidant assays except • OH assay, and contained the largest amount 
of phenolic compounds. Ab had the second highest scavenging activity in DPPH 
radical and inhibition in yS -carotene bleaching. The correlations (p<0.01) found 
between the antioxidant activities of the mushroom extracts determined by three 
assays (ABTS, /3 -carotene and • OH) and their total phenolic content were high. 
This suggested that mushroom antioxidants are attributable to their phenolic content. 
Owing to relative higher antioxidant activity, Ab and Aa were selected for further 
study in the changes of their antioxidant activities after canning and drying. 
Both canning and drying generally reduced the antioxidant activities (e.g. ABTS, 
FRAP, p-carotene and • OH) of the methanol and water crude extracts of heat-treated 
mushrooms, attributing to the gradual reduction of mushroom phenolic compounds 
during thermal processing. 
The loss of antioxidant activities in the methanol crude extracts was generally greater 
than that in the water crude extracts for both canned and dried mushrooms. The 
presence of phenolic compounds and antioxidant activities in the brine solutions 
accounted for the decrease of phenolic content and antioxidant activities in the 
methanol and water crude extracts of canned mushrooms. Blanching reduced the 
antioxidant activities (e.g. ABTS, FRAP, P-carotene and • OH) of the methanol crude 
extracts of canned mushrooms, attributing to gradual loss of the phenolic compounds 
by leaching effect. Longer sterilization time readily enhanced the total phenolic 
content and the HMF content, but only increased the antioxidant activity in some 
assays such as FRAP and hydroxyl radical scavenging activity. The addition of 
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vitamin C to the brine solution gradually enhanced the formation of HMF and the 
antioxidant activities (e.g. ABTS, FRAP and P-carotene) of the brine solutions as 
well as both the methanol and water crude extracts of canned mushrooms. However, 
it did not enhance the total phenolic content substantially, especially together with 
longer sterilization time. The decrease in antioxidant activities of the methanol and 
water crude extracts of both canned mushrooms after 4-month storage might be 
attributable to the gradual loss in phenolic compounds, despite the formation of HMF 
during the storage period. The addition of vitamin C to the brine solutions provided 
better retention of antioxidant activity (e.g. ABTS, FRAP) during storage. Condition 
A4, which involved no blanching and a 20-min sterilization treatment along with the 
addition of vitamin C, provided the best protection of the antioxidant activity and 
phenolic content for both canned mushrooms. 
Similarly, drying gradually reduced the phenolic content and the antioxidant activity 
of the methanol crude extracts of Aa and Ab. However, drying only slightly reduced 
the phenolic content and the antioxidant activity of the water crude.extracts. In some . 
一 cases, the FRAP value and the inhibitory effect of p-carotene bleaching of the water 
crude extracts of dried Ab were even enhanced by the drying process when compared 
to the fresh one. A longer blanching time reduced the antioxidant activities of both 
the methanol and water crude extracts of dried Aa but enhanced those of dried Ab. A 
longer drying time accompanied by a lower drying temperature enhanced the 
antioxidant activities (e.g. FRAP and • OH) as well as the formation of HMF of the 
methanol and water crude extracts of both dried Aa and Ab, despite a slight reduction 
in the total phenolic content of dried Aa. Higher drying temperature together with 
shorter drying time generally provided the best retention of the phenolic content and 
antioxidant activity in the methanol crude extracts of dried Aa; while a combination 
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of higher drying temperature and longer drying time generally enhanced those of Ab. 
However, mushrooms dried at higher temperature for longer time had greater 
reductions in the antioxidant activities (e.g. ABTS and FRAP) and phenolic content 
in their methanol crude extracts after 4-month storage, despite the formation of HMF. 
Condition D3, which involved no blanching and drying at 75°C for 10 hours, 
provided the best protection of the antioxidant activity and phenolic content for dried 
Aa before and after storage. Condition F3, which involved 10-min blanching and 
drying at 75°C for 10 hours, offered the best retention of the antioxidant activity and 
phenolic content for dried Ab. 
The enzymatic method adopted in this study is very specific to the phenolic 
compounds and insensitive to common interferences. The good correlation (p<0.01) 
between antioxidant activities (e.g. ABTS, P-carotene and • OH) and the phenolic 
content provided a valuable evidence for the contribution of mushroom phenolics to 
its antioxidant activity. However, hydrolysis of mushroom phenolic compounds as 
well as further purification procedures such as column chromatography to separate 
and isolate the major components responsible for the antioxidant activity in the 
mushroom extracts are necessary. 
The present study also demonstrated that the antioxidant activity of heat-treated 
mushrooms was generally reduced, attributing primarily to the loss of phenolic 
compounds. The phenolic content estimated by the new enzymatic method, which 
are not affected by common interfering compounds, provides important information 
on the trend in the changes of mushroom antioxidants after different treatment 
conditions, as well as the effects of individual and combinations of several 
processing parameters. However, fractionation, (e.g. liquid-liquid partition) or 
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isolation and purification procedures (e.g. column chromatography) to separate and 
isolate the major components responsible for the loss of antioxidant activity in the 
mushroom extracts are necessary. In addition, the formation of HMF might 
compensate for the loss of natural antioxidant components during thermal processing, 
resulting in better retention of antioxidant activities after prolonged sterilization time 
and more severe drying conditions. However, HMF is only one of the markers in the 
Maillard reaction and does not represent all types of MRPs formed during thermal 
processing. Due to the high complexity in MRPs, fractionation (e.g. HPLC - anion 
exchange & capillary zone electrophoresis) is essential to separate the major group of 
MRPs that contribute to the antioxidant activity after thermal processing. 
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